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A B S T R A C T  

The f i r s t  year  of  work under Grant N G R - 4 4 - 0 1 2 - 0 4 3  w a s  completed wi th  t h e  

development of s e v e r a l  workable d i g i t a l  device concepts and cons iderable  ex- 

per imenta l  and t h e o r e t i c a l  evidence t h a t  th in- f i lm s t r u c t u r e s  h e l d  rea l  hope 

for u s e f u l  d i g i t a l  device app l i ca t ions .  The F i r s t  Semiannual Report ,  Volume I 

of t h i s  s e t ,  conta ins  t h e  b a s i s  f o r  t h e s e  ideas  and Volumes I11 and I V  are 

d e t a i l e d  accounts o f  charge t r a n s p o r t  processes  i n  t h i n  f i l m s  of a polymer and 

of S i l i c o n  N i t r i d e .  This r e p o r t ,  Volume I1 covers t h e  growth of ideas  and r e s u l t s  

of r e l a t e d  work c a r r i e d  out  during t h e  l a s t  s i x  months of t h e  yea r .  

The e f f o r t s  have been d i r e c t e d  along t h r e e  l i n e s ;  continued work on t h i n -  

f i l m  t r a n s p o r t  i n  polymer d i e l e c t r i c s ,  f a b r i c a t i o n  of semiconductor devices  which 

have d i g i t a l  or discont inous  response along wi th  mathematical  models t o  account 

for t h e i r  behavior ,  and development of c a p a b i l i t y  t o  depos i t  e x o t i c  d i e l e c t r i c s  

f i l m s  by chemical vapor depos i t ion .  

Chemical vapor depos i t ion  of  new ma te r i a l s  has  been s u c c e s s f u l l y  accomplished 

during t h e  second s i x  month of t h e  p r o j e c t .  The pe r iod  w a s  l a r g e l y  spent i n  

s e t t i n g  up experimental  f a c i l i t i e s ,  and these  have had some i n i t i a l  use which 

r e s u l t e d  i n  t h i n  f i lms  of  t i t an ium dioxide.  

An e n t i r e l y  new d i g i t a l  t ransducer  concept has been added t o  those  a l r eady  

be ing  s t u d i e d ,  Work previous ly  i n  progress i n  t h e  l a b o r a t o r y  on o p t i c a l  e f f e c t s  

i n  semiconductors has  revea led  a p h o t o d i e l e c t r i c  e f f e c t  which can be used t o  con- 

v e r t  analog l i g h t  i n t e n s i t y  i n t o  frequency changes or phase changes, depending 

upon t h e  ma te r i a l .  The t r ansduce r ,  t h e r e f o r e ,  would accept  e i t h e r  analog l i g h t  
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i z t e n s i t y  nr i n t e g r a t e d  l i g h t  energy for a s h o r t  pe r iod  and produce a frequency 

change which would be read  out  as a number o f  a x i s  c ross ings  i n  a s e l e c t e d  

i ~ t z r v s l .  Pe r  e x ~ n p l e ,  i f  a l i g h t  changed i n t e n s i t y  by an a r b i t r a r y  amount, 

a d i g i t a l  measurement would be made as frequency p ropor t iona l  t o  t h e  i n t e g r a t e d  

l i g h t  i n t e n s i t y  i n  t h e  f l a s h ,  r ega rd le s s  of i t s  du ra t ion .  The previous 

a p p l i c a t i o n  of a similar phenomenon, photoconduct ivi ty ,  would produce only an 

analog change i n  output  vo l t age  l e v e l  p ropor t iona l  t o  t h e  input  l i g h t  changes. 

The a b i l i t y  o f  a semiconductor t o  d i sp l ay  a pho to reac t ive  c i r c u i t  behavior ,  

means t h a t  a fl-equency change i n s t e a d  of a power or vo l t age  l e v e l  change 

r e s u l t s .  The frequency change i s  inherent ly  a d i g i t a l  response which i s  read  

out  as a number of events  p e r  u n i t .  An unexpected proper ty  of one of t h e  

p h o t o d i e l e c t r i c  m a t e r i a l s  (CdS wi th  Ag i m p u r i t i e s )  i s  i t s  discont inous response 

t o  mechancial shock. The frequency change a f t e r  a pe r iod  o f  i l l umina t ion  

could be  r e s e t  by a sharp  blow. The d i g i t a l  t r ansduce r  app l i ca t ions  of t h i s  

are very i n t e r e s t i n g  and r e q u i r e  f u r t h e r  i n t e n s i v e  s tudy .  

The r e s u l t s  a f te r  one y e a r  of research can be summarized as be ing  very 

D i g i t a l  behavior  of materials has appeared i n  a wide v a r i e t y  of promising. 

forms and i n  many cases  t h e  a p p l i c a t i o n s  t o  t r ansduce r  concepts fol lows a f te r  

only a modest e f f o r t .  The d i g i t a l  temperature  and magnetic f i e l d  t r ansduce r s ,  

which ope ra t e  i n  a cryogenic environment, are examples which a r e  descr ibed  i n  

Vol. I .  Others have promising f u t u r e s ,  but t h e i r  novel ty  i s  accompanied by a 

void  i n  documented theory  and measurement. Considerable work l i e s  ahead t o  

exp la in  t h e  b a s i c  s o l i d  s t a t e  phys ics  of t h e  phenomena and reduce t h e  new s c i e n t i f i c  

knowledge t o  p r a c t i c e .  



I. pgLYmF. FILM RESEARCH - 
E s s e n t i a l  t o  t h i n  f i l m  d i g i t a l  devices i s  an understanding of charge 

t r anspor t  prscecces thrmigh t h e  d i e l e c t r i c  f i lm .  

i n  Volumes I and I11 has been t h e  s u b j e c t  of cont inued s tudy  for s e v e r a l  reasons ;  

it i s  a very  convenient material  t o  depos i t  i n  t h i n  f i lm  form on any s u b s t r a t e ,  

it has fundamental charge t r a n s p o r t  problems which may en r i ch  t h e  knowledge of 

d i e l e c t r i c  materials,  and t h e  technique may gene ra t e  a wide v a r i e t y  of y e t  

undiscovered polymers. It has a l ready  been shown u s e f u l  i n  t h e  metal- 

polymer-semiconductor d i g i t a l  device The material i s  r e l a t i v e l y  uns tudied ,  

however, and some e f f o r t  has been made t o  r e l a t e  t h e  mechanism of polymerizat ion 

t o  t h e  s t r u c t u r e  and d i e l e c t r i c  p r o p e r t i e s .  Extensive work has been done which 

n e c e s s i t a t e d  t h e  sepa ra t e  Volume I11 f o r  t h e  r e p o r t  on t h i s  phase.  

The s i l i c o n e  polymer descr ibed  

The polymer f i l m s  have been grown on both s i l i c o n  and evaporated m e t a l -  

on-glass s u b s t r a t e s  < The l a t t e r  metal-polymer-metal conf igura t ions  have been 

measured as a func t ion  of frequency, t h i ckness ,  and aging t o  eva lua te  t h e  t r a n s -  

port mechanism p r e s e n t ,  s epa ra t ion  of  bulk and s u r f a c e  e f f e c t s ,  and t o  consider  

how t h e s e  w i l l  be  u s e f u l  i n  device design. There a r e  s e v e r a l  mechanisms which 

a r e  important  i n  charge t r a n s p o r t  through d i e l e c t r i c  f i l m s ,  which a r e  d iscussed  

i n  Volumes I11 and I V .  It i s  apparent w e  can make d i e l e c t r i c  f i lms  which have 

a i l  of t h e s e  mechansisms p r e s e n t .  This has t h e  decided advantage of g iv ing  t h e  

device des igner  some choice of mathematical func t ion  which would s u i t  t h e  ap- 

p l i c a t i o n ,  s i n c e  t h e s e  mechanisms have d i f f e r e n t  dependences on t h i c k n e s s ,  

v o l t a g e ,  temperature  and s t r u c t u r e ,  whether bu lk  or s u r f a c e .  I n  a l l  cases  it 

1 s  poss ib l e  t o  have a very s t eep ly  increas ing  cu r ren t  as a func t ion  of  vo l t age .  

This can be  followed, a t  some c r i t i c a i  vo l tage ,  by a sepa ra t e  behavior ,  as d i s -  

cussed i n  Volume I ,  which i s  more nea r ly  a cons tan t -cur ren t  r e l a t i o n .  This i s  
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t h e  h a s i s  f o r  d i g i t a l  ac t ion .  The r e s u l t s  of measurements show a cons i s t en t  

aging e f f e c t  which appears t o  be assoc ia ted  wi th  su r face  changes, probably 

--u-& I d c n r $ f s E  nf gases or water  vapor. The change i n  capac i tance  wi th  t ime i s  only 

a few pe rcen t  of t h e  t o t a l  capac i ty ,  b u t  t he  abso lu te  change i s  e s s e n t i a l l y  

independent of t h i ckness .  The Diss ipa t ion  Fac to r ,  on t h e  o t h e r  hand, seems 

t o  be more n e a r l y  a bulk e f f e c t .  The frequency dependence of t h e  d i e l e c t r i c  

cons tan t  and t h e  Di s s ipa t ion  Fac tor  are being examined f o r  c lues  t o  t h e  r e l a t i o n  

between them and t h e  s t r u c t u r e  of t h e  polymer. There is l i t t l e  known about 

t h i s  c l a s s  o f  p l a s t i c  growth process ,  i n  which l i q u i d  molecules are polymerized 

i n  a vacuum by a beam of e l e c t r o n s .  A s  a r e s u l t  t h e  e n t i r e  e f f o r t  can add t o  

knowledge of  polymers and t h e i r  s t r u c t u r e .  Another p o s s i b i l i t y  i s  t h a t  not  

enough can be  learned  t o  answer a l l  t h e  quest ions which must be answered t o  

permit  t h i s  very convenient technology t o  be exp lo i t ed .  The polymer i t s e l f  

i s  very durable  and can be grown a t  p rec i se  r a t e s  wi th  l i t t l e  tendency t o  

form pinholes .  It i s  f e l t  t h i s  phase o f  t he  p r o j e c t  would y i e l d  some unexpected 

r e t u r n s  i f  it became p o s s i b l e  t o  grow t h i n  f i l m  d i e l e c t r i c s  wi th  p r e d i c t a b l e  

p r o p e r t i e s  which could then  be used rou t ine ly .  So f a r  t h e  most s i g n i f i c a n t  

f i nd ing  i s  a cons i s t en t  change i n  t h e  s lope of capac i ty  vs frequency near  

2000Hz. This  i s  apparent ly  a c h a r a c t e r i s t i c  response arid i s  be ing  s t u d i e d  f o r  

cause-and-effect r e l a t i o n s .  So f a r  t h e  s c a t t e r  i n  t h e  Di s s ipa t ion  Fac tor  vs 

frequency d a t a  has made it d i f ' f i cu l t  t o  determine t h e  func t iona l  r e l a t i o n .  

During t h e  second s i x  months o f  t h e  year  more mechanisms were developed t o  

produce a d i s c o n t i n u i t y  i n  t h e  I - V  c h a r a c t e r i s t i c .  It w a s  shown i n  Volume I 

t h a t  a dep le t ion  l a y e r  forming i n  a reverse-biased MPS device would cause t h e  

cu r ren t  t o  s a t u r a t e ,  We have now seen t h a t  t h e  s e r i e s  r e s i s t a n c e  of t h e  semi- 

conductor i n  t h e  forward b i a s  condi t ion  produces a s i m i l a r  response.  This occurs  

4 
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at much h i g h e r  cu r ren t  l e v e l s ,  bu t  t h i s  i s  r e a d i l y  accomplished with polymer 

f i l m s  which have more charge t r a n s p o r t  capac i ty .  The cu r ren t  l e v e l s  approach 

t h e  m i c r n m p  t o  m i  1 liamp range i n  t h i s  new conf igu ra t ion ,  i n d i c a t i n g  a much 

g r e a t e r  d e n s i t y  of  bulk s i t e s  which t a k e  p a r t  i n  Schot tky or Pool-Frenkle pro- 

ces ses .  The development has l i f t e d  t h e  e n t i r e  concept of t h in - f i lm  MPS devices  

us ing  tunne l ing  and deple t ion- layer  s a t u r a t i o n  t o  a more gene ra l  s e t  of behaviors .  

These have h ighe r  cu r ren t  c h a r a c t e r i s t i c s ,  s e v e r a l  more mechanisms which can 

produce d iscont inous  I - V  C h a r a c t e r i s t i c s  and more oppor tun i t i e s  t o  discover  

t r ansduce r  behaviors  i n  t h e  processes  and m a t e r i a l s .  If t h e  tunnel ing  process  

i s  not  t h e  only  one which can be used,  t h e  requirement of extreme th inness  ( l e s s  

than  180 8)  can be r e l axed  t o  i n s u r e  g r e a t e r  y i e l d  and vo l t age  breakdown l i m i t s .  

This development occured l a t e  i n  t h e  second s i x  months, so  t h e  e n t i r e  scope of  

t h i s  has not  become c l e a r .  

This phase of t h e  program has developed i n t o  a much broader  i n v e s t i g a t i o n ,  

s o  t h a t  more problems of f a b r i c a t i o n  technique a r e  slowing down t h e  t o t a l  e f f o r t .  

This i s  l a r g e l y  a mat te r  of  manpower, no t  f a c i l i t e s  o r  i d e a s .  More e f f o r t ,  

meaning more manpower p laced  i n  t h i s  a r e a ,  could be j u s t i f i e d .  D i g i t a l  Trans- 

ducer i deas  have grown t o  a very promising number, wi th  enough v a r i e t y  t o  warrant  

optimism about t h e  eventua l  commerical value of t h e  r e s u l t s  of  t h i s  research .  

SILICON NITRIDE FILM RESEARCH 

An e s s e n t i a l  p a r t  of t h e  MIS d i g i t a l  t r ansduce r  concept i s  t h a t  a c t i v e  

d i e l e c t r i c  m a t e r i a l s  w i l l  provide a c h a r a c t e r i s t i c  res-aonse t o  e x t e r n a l  s t i m u l i .  

A b a s i c  d i g i t a l  behavior  i n  t h e  MIS t h i n  f i l m  conf igu ra t ion  i s  d iscussed  i n  

VOL. I .  The hoped-for d i g i t a l  t ransducer  w i l l  combine t h e  two sepa ra t e  i d e a s .  

D i e l e c t r i c  m a t e r i a l s  which e x h i b i t  a v a r i e t y  of charge t r a n s p o r t  mechanisms 

are being s t u d i e d  t o  supply t h e  needed c h a r a c t e r i s t i c s .  Largely as a t r a i n i n g  

- 
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i n  e x o t i c  d i e l e c t r i c  materials research  we have p a r t i a l l y  supported a pro<ject  

on f i lms  of S i  N Volume I V  of t h i s  repor t  descr ibes  t h e  success fu l  e f f o r t  

I'n d e t . a i l .  Tt. i s  an in te rmedia te  s t e p  i n  t h e  design of new and a c t i v e  d i e l e c t r i c  

m a t e r i a l s  . 

3 4 '  
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11. CHEMICAL VAPOR DEPOSITION 

A. INTRODUCTION 

D i e l e c t r i c  materials may func t ion  i n  s e v e r a l  r o l e s  i n  d i g i t a l  devices .  

The pu rposeof  i n v e s t i g a t i n g  them i s  t o  f ind  c l a s s e s  of behavior  which are 

compatible t o  tunnel ing  d i g i t a l  t ransducers  by having a c h a r a c t e r i s t i c  

response t o  an e x t e r n a l  s t imulus .  The development of  methods f o r  t h e  chemical 

vapor depos i t i on  of uniform and s t a b l e  t h i n  films of d i e l e c t r i c s  w i t h  a wide 

range of c h a r a c t e r i s t i c s ,  e s p e c i a l l y  parametr ic  d i e l e c t r i c  cons t an t s ,  i s  t h e  

ob jec t ive  of one phase of program. High d i e l e c t r i c  cons tan t  materials o f f e r  

t h e  advantage of h igher  capaci tance without t h e  n e c e s s i t y  f o r  l a r g e r  areas 

or t h i n n e r  f i lms  which l e a d  t o  p i n  ho le s  and device f a i l u r e .  The s m a l l  volume 

of a c t i v e  m a t e r i a l  i n  a t h i n  f i l m  t ransducer  can be compensated f o r  i f  t h e  

response i s  a very s e n s i t i v e  one. A l i t e r a t u r e  search  r evea l s  s e v e r a l  methods 

f o r  producing t h i n  f i l m s  of materials having a high d i e l e c t r i c  cons tan t  ( E  > l o o )  

Chemical vapor depos i t ion  ( a gene ra l i zed  t i t l e  f o r  ep i t axy)  o f f e r s  t h e  most 

f l e x i b l e  approach of  a l l  t h e  a v a i l a b l e  ones. 

To be compatible wi th  i n t e g r a t e d  c i r c u i t s ,  a t h i n  f i l m  capac i to r  must 

sa t i sm s e v e r a l  c r i t e r i a :  Low d i s s i p a t i o n  f a c t o r ,  vo l tage  i n s e n s i t i v i t y ,  

nonpo la r i ty ,  high s t a b i l i t y  during i n t e g r a t e d  c i r c u i t  p rocess ing  and high 

y i e l d .  Many m a t e r i a l s  c u r r e n t l y  used as capac i tor  d i e l e c t r i c s  f o r  t h i n  film 

microc icu i t s  e x h i b i t  low d i e l e c t r i c  constants  or low breakdown vol tages  such 

6 as Si02 ( E= 

= l x  1 0  v/cm). The p y r o l y s i s  of  meta l  alkoxides c o n s t i t u t e s  t h e  b a s i s  f o r  t h i s  

chemical vapor depos i t i on  ( C V D )  technique.  Titanium oxide looks p r m i s i n g  

f o r  a beginning because much bulk d a t a  e x i s t s ,  i t s  p r o p e r t i e s  a r e  d e s i r a b l e  and 

4.8, breakdown = 5 x 10 v/cm) and Si3N4 ( E  = 6 .2 ,  breakdown 

7 I 
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appropliat,e --..--- mLnm; c  re r n a i i i  l y  a v a i  1 nhl P :  T h i n  f i  l m s  of o the r  
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t i t a n i u m  compounds o f f e r  d e s i r a b l e  d i e l e c t r i c  p r o p e r t i e s .  Although t h e s e  materials 

have been niariufactured ifi b - d k  fez, t e ~ h z s l s g y  is h r k i ~ g  fnr t h e i r  manufspt1j.1-e 

i n  t h i n - f i l m  form, 

The development of a technique f o r  the p repa ra t ion  o f  t h i n  f i l m s  o f  

materials having high d i e l e c t r i c  constants  would c o n s t i t u e  an important s t e p  

toward t h e  ex tens ion  of t h i n  f i l m  capac i tor  technology t o  permit a wider range 

of a p p l i c a t i o n s  f o r  i n t e g r a t e d  c i r c u i t s  . Other d i e l e c t r i c  a p p l i c a t i o n s  . 

inc lude  d i f f u s i o n  masking, i s o l a t i o n  f o r  con tac t s ,  and mechanical and chemical 

s t a b  i li z at  i on. 

B .  CHEMICAL VAPOR DEPOSITION 

1. Basic  Kine t i c  Considerat ions 

A number of s t e p s  must occur f o r  t h e  o v e r a l l  depos i t i on :  d i f f u s i o n  of  

t h e  r e a c t a n t  through t h e  s t a t i c  l a y e r  adjacent  t o  t h e  s u b s t r a t e ,  adsorp t ion  

onto t h e  s u b s t r a t e ,  d i f f u s i o n  of t h e  adsorbed spec ie s  across  t h e  su r face  t o  a c t i v e  

s i t e s ,  t h e  chemical r e a c t i o n ,  depos i t ion  o f  t h e  non-vola t i le  products ,  

desorp t ion  of t h e  v o l a t i l e  p roduc t s ,  and t h e i r  d i f f u s i o n  away from t h e  v i c i n i t y  

of t h e  s u b s t r a t e .  The f i r s t  and l a s t  s t eps  are g e n e r a l l y  not independent,  

s i n c e  t h e  d i f f u s i o n  r a t e  of t h e  r e a c t a n t s  a f f e c t s  t h e  d i f f u s i o n  ra te  of t h e  

products ,  and stoichiometry inf luences  the  t w G  s t e p s  of t h e  r e a c t i o n ,  and both 

a f f e c t  t h e  chemical r e a c t i o n  rate.  The complex in t e rmed ia t e  s t e p s  normally 

involve su r face  and gaseous r eac t ions  as w e l l  as simultaneous adsorpt ion-  

desorp t ion  and nuc lea t ion  processes .  Any of  t h e  above s t e p s  may determine t h e  

ra te  of depos i t i on ,  a d  r e l a t i v e  importance of each of t h e s e  s t e p s  f n  determining 

t h e  ra te  should vary wi th  t h e  depos i t ion  temperature .  I n  t h e  low-temperature 
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range ( <350° C )  t h e  depos i t ion  ra te  depends predominately on t h e  chemical 

k i n e t i c s .  That i s ,  t h e  depos i t ion  ra te  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  flow 

except  a t  very  low f lows,  bu t  i s  s t rong ly  dependent on depos i t ion  temperature .  

I n  t h e  high temperature  range ( < 3 5 G  

d i f fus ion ,  I n  t h i s  ca se ,  t h e  r a t e  of depos i t ion  depends s t rong ly  upon t h e  

geometry of  t h e  depos i t ion  s y s t e m  and upon t h e  flow. The depos i t ion  r a t e  i s  

r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  temperature .  

0 C) the  major l i m i t i n g  f a c t o r  i s  gas-phase 

I n  e s t a b l i s h i n g  t h e  o v e r a l l  k i n e t i c s  of  t h e  depos i t i on ,  one needs t o  

t r ea t  t h e  experimental  data so as t o  eva lua te  t h e  r e l a t i v e  inf luence  of  t h e  

d i f f u s i o n  f l u x  and t h e  chemical k i n e t i c s ,  and t o  develop expressions f o r  

c a l c u l a t i n g  t h e i r  s i m u l t a r e m s  inf luences  on depos i t ion  r a t e .  The thermor3ynamic 

s e c t i o n  d iscusses  t h e s e  cons idera t ions  more f u l l y .  

2. Vapor P l a t i n g  Requirements 

The gene ra l  requirements f o r  any gas p l a t i n g  r e a c t i o n  may be summarized 

as fo l lows:  

a. t h e  r e a c t a n t s  must be i n  t h e  gaseous or vapor s t a t e ,  

b ,  t h e  product t o  be depos i ted  must be  condensible a t  t h e  s u b s t r a t e ,  and 

c .  t h e  by-products formed i n  the  r e a c t i o n  chamber must be  s u f f i c i e n t l y  

v o l a t i l e  t o  allow t h e i r  ready removal. 

I n  add i t ion  t o  t h e s e  gene ra l  requirements , t h e  thermodynamics and 

k i n e t i c s  of any p a r t i c u l a r  vapor p l a t i n g  r eac t ions  impose r e s t r a n t s  upon t h e  

depos i t ion  temperature  and r e a c t i o n  concentrat ions which a r e  unique t o  t h e  r e a c t i o n  

under cons ide ra t ion ,  Another s e c t i o n  of t h i s  r e p o r t  d i scusses  t h i s  requirement .  

3. Deposit ion Apparatus 

A v e r s a t i l e  apparatus  allows i t s  use  f o r  a number of vapor p l a t i n g  r e a c t i o n s . .  

11 



React ions gene ra l ly  d i f f e r  only i n  detai l - - -source gases  , concent ra t ions  , temp- 

e r a t u r e ,  f low rates .  Such a gene ra l  purpose CVD aFparatus  w i l l  provide a means 

f o r  t h e  r e g u l a t i o n  of t h e  r e a c t a n t  concentrat ions a t  t h e  p l a t i n g  zone, a 

means of d i spe r s ing  t h e  r e a c t a n t  goods evenly over t h e  s u b s t r a t e ,  and a means 

for t h e  r e g u l a t i o n  of t h e  s u b s t r a t e  temperature.  

Figure 3 i i l u s t r a t e s  such an apparatus .  The temperature  sensor  i s  an 

i n f r a r e d  r a d i a t i o n  pyrometer which i s  focused through a qua r t z  window onto t h e  

s u b s t r a t e  su r face .  An rf induct ion  c o i l  surrounding t h e  qua r t z  depos i t i on  chamber 

h e a t s  t h e  g r a p h i t e  susceptor .  The w a t e r  j acke t  surrounding t h e  r e a c t i o n  

chamber keeps t h e  qua r t z  w a l l  temperature  low enough t o  l i m i t  t h e  depos i t ion  

t o  t h e  suscep to r  and s u b s t r a t e .  Pressure  r e g u l a t o r s  , r e g u l a t i n g  valves  , and 

flow meters provide t h e  necessary regula t ion  and con t ro l .  Gas washing 

b o t t l e s  s e r v e  as vapor izers  f o r  t h e  r eac t an t s  which are i n  l i q u i d  form a t  

room temperature .  S t a i n l e s s  s t ee l  l i n e s  and valves  h e l p  i n s u r e  p u r i t y  of t h e  

depos i t .  

4. Advantages of Chemical Vapor Deposit ion 

S i l i c o n  oxides have been t h e  most widely used d i e l e c t r i c s  i n  microe lec t ronics  

i n  t h e  p a s t .  S i l i c o n  d ioxide  grows thermally on s i l i c o n .  S i l i c o n  monoxide 

evaporates  r e a d i l y  i n  a vacuum chamber. Thermal oxida t ion  disadvantages inc lude :  

a.  Film not  s t r u c t u r a l l y  p e r f e c t  
b. Film p u r i t y  not  pe r f ec t  
c e High temperature  requi red  
d. Abnormal t r a n s i t i o n  reg ions  a t  meta l - insu la tor  or 

e ?  Composition of f i l m  l i m i t e d  by s u b s t r a t e .  
semiconduct or - i n s u l a t o r  i n t e r f a c e .  

The main ob jec t ions  r e a l l y  s t e m  from t h e  f a c t  t h a t  yea r s  o f  t echno log ica l  

development have y e t  t o  make these  ma te r i a l s  perform as s a t i s f a c t o r i l y  as 

device r e l i a b i l i t y  and perfarmance c r i t e r i a  demand. 
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Phys ica l  vapor depos i t i on ,  inc luding  dc o r  rf r e a c t i v e  s p u t t e r i n g  has 

t h e  disadvantage of l i m i t e d  v e r s a t i l i t y  i n  t h e  composition of t h e  depos i ted  

f i l m .  I n  add i t ion  t h e  f i l m s  formed by t h i s  technique do not  appear t o  be as 

smooth a5 those  foriiied by CVD. 

Chemfcal vapor depos i t ion  o f f e r s  s eve ra l  advantages over o t h e r  methods. 

Some advantages which j u s t i f y  t h e  s tudy and development of CVD of oxides 

from organic  p re su r so r s  a r e  : 

a. Much v e r s a t i l i t y  i s  poss ib l e  s ince  f i l m s  can be  depos i ted  on 

b .  The oxide f i l m  should be very homogeneous s i n c e  t h e  r e a c t a n t  

c ,  Water vapor need not  be  present  i n  t h e  deposi ted f i l m .  
d. A sha rpe r ,  c l eane r ,  i n t e r f a c e  can be expected s i n c e  i n t e r -  

e .  The composition of t h e  f i l m  can be c o n t r o l l e d  independent ly  of  t h e  

f The processes  ,nvolved gene ra l ly  can be c a r r i e d  out  a t  lower 

g. The r e a c t a n t  and product vapors o f  t h e  organic  systems a r e  usua l ly  

h .  Coating th i ckness  can be va r i ed ,  and f a i r l y  w e l l  c o n t r o l l e d ,  over a 

i. By reason of  t h e  very l a r g e  number of a v a i l a b l e  chemical r e a c t i o n s ,  

metals, semiconductors o r  a t h e r  d i e l e c t r i c s  

emanates Yrom a source wi th  preservable  i n t e g r i t y .  

d i f f u s i o n  can be minimized. 

composition of t h e  s u b s t r a t e .  

temperatures  than  those  r equ i r ed  f o r  depos i t ion  from inorganic  systems. 

less  r e a c t i v e  and co r ros ive  than  those  of t h e  inorganic  systems. 

wide range. 

chemical vapor depos i t ion  i s  seem t o  be a process  of g r e a t  v e r s a t i l i t y  and 
f l e x i b i l i t y  a 

J .  Th& organic  r eac t ions  a r e  more s u i t a b l e  f o r  t h e  p repa ra t ion  of  
h igh-pur i ty  oxides 

5 .  Thermodyamics 

Thermodynamics provides  a powerful t o o l  f o r  analyzing new chemical 

t r a n s p o r t  p rocesses .  If the  var ious  thermodynamic f a c t o r s  a r e  known o r  can be  

es t imated  wi th  reasonable  accuracy,  a complete a n a l y s i s  of t h e  process  can 

be made and, when combined wi th  k i n e t i c  and t r a n s p o r t  in format ion ,  should 

l e a d  t o  che determinat ion of t h e  optimum opera t ing  cond i t ions .  

The free-energy fuc t ion  provides  a t r u e  measure o f  t h e  chernlical a f f i n i t y  

~ t '  a r e a c t i o n .  The f'ree-energy change i n  a chemical r e a c t i o n  i s  def ined  as 



AF = F (products  1- F ( r e a c t a n t s ) .  When t h e  f r e e  energy change i s  zero ,  t h e  

system i s  i n  a s t a t e  of equi l ibr ium.  When t h e  free-energy change i s  p o s i t i v e  

f n r  P proposed r e a c t i o n ,  n e t  work must b e  put i n t o  t h e  system t o  e f f e c t  t h e  

r e a c t i o n .  When t h e  free-energy change 1 s  nega t ive ,  t h e  r e a c t i o n  can proceed 

spontaneously wi th  t h e  accomplishment of ne t  work. 

For processes  occurr ing  a t  cons tan t  temperature and cons tan t  pressure : 

F= H - TS 

The free energy F i s  equal  t o  t h e  d i f f e rence  i n  enthalpy o r  hea r  content  H 

of t h e  system a t  cans t an t  p re s su re  and t h e  product of t h e  system temperature  

TI and t h e  entropy S .  

The depos i t i on  process  depends on t h e  decomposition of t h e  vapors of 

organomet&ll ic  comDounds. This decomposition t a k e s  p l ace  a t  atmospheric 

p re s su re  i n  an oxidizing atmosphere containing )I 0 t o  c o n t r o l  t h e  s to i ch io -  

metry of t h e  r e s u l t i n g  oxide.  The oxygen i s  in t roduced  i n  t h e  form of water 

vapor genera ted  by t h e  r e a c t i o n .  

2 

a t  t h e  s u b s t r a t e .  This r e a c t i o n  i s  not  su r f ace  ca ta lyzed  and proceeds 

r e a d i l y  in t h e  forward d i r e c t i o n  provided t h e  temperature  of t h e  gases  i s  

g r e a t e r  than  80OoC. 

reduce t h e  premature hydro lys i s  of t he  organometal l ics  s i n c e  they would 

r e a c t  with any water  vapor t h a t  e x i s t s  i n  t h e  vapor space forming f i n e l y  sus-  

pended dlkoxides ,  Thus I t  is e s s e n t i a l  t h a t  a l l  components r e t a i n  t h e i r  

1 nd iv idua l  i d e n t i t i e s  u n t i l  t hey  reach t h e  s u b s t r a t e  where they  spontaneously 

The water-gas r eac t ion  i s  incorpora ted  p r imar i ly  t o  

r e a c t  e 

The research  program 

h a s  begm with a study G I  

a t  'The EiecLronic Materials Research Laboratory 

t h e  3apor deposi t ion of Ti0 Thlls can be 2' 
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accozpl i shed  by the above r e a c t i o n  p lus  e i t h e r  a m e t a l  h a l i d e  such as t i t an ium 

t e t r a c h l o r i d e  T i C 1 4 ,  or an organometal l ic  such as t e t r a i s o p r o p y l  t i t a n a t e ,  

~f f n r  u \ 37 ,uu3LL7,4 .  The reect.l'ons t h a t  follow (1) above are: 

T i C 1 4  + 2H20 -f T i 0 2  + 4HC1 ( 2 )  
O r  

( 3 )  3 T i  (OC3H-I)4 + 2H20 + Ti0 2 + 4CH3CHOHCH 

Tne organometal l ic  appears most s u i t a b l e  f o r  reasons enumerated above. The 

Ti0 w i l l  be depos i ted  on a qua r t z  s u b s t r a t e  between two l a y e r s  of a metal 

such as molybdenum or plat inum, The i n s u l a t i n g  f i l m  w i l l  them be  s t u d i e d  

t o  determine the  e l e c t r i c a l ,  phys i ca l ,  chemical,  and c rys t a l log raph ic  pro- 

p e r t i e s  and t o  determine t h e  depos i t ion  condi t ions  which y i e l d  t h e  b e s t  

f i l m s .  Titanium dioxide has a d i e l e c t r i c  cons tan t  of approximately 80. 

2 

Having e s t a b l i s h e d  t h e  optimum condi t ions  f o r  t h e  depos i t ion  of Ti0 

program w i l l  then  begin t a  i n v e s t i g a t e  o ther  t i t a n a t e s  and mixtures which 

t h e  2 

w i l l  y i e l d  imDroved d i e l e c t r i c  p r o p e r t i e s .  One such material  of  t h i s  type  

i s  l e a d  t i t a n a t e ,  PbTiO The a l k y l  de r iva t ions  of l e a d  have s u f f i c i e n t  

v o l a t i l i t y  and s t a b i l i t y  t o  be very promising f o r  such an a p p l i c a t i o n .  

3" 

T e t r a e t h y l  l e a d ,  ( C  H ) Pb, and t e t r a i s o p r o p y l  t i t a n a t e  form t h e  d e s i r e d  

PbTiO It i s  expected 

t h a t  barium t i t a n a t e  and strmtium t i t a n t e  would not  be as s u i t a b l e  f o r  

2 5  4 

which has a d i e l e c t r i c  cons tan t  of from 250-30075. 
3 

formation by t h i s  technique as o t h e r  compounds because t h e  organometal l ic  

compounds of  barium and s t ront ium do no t  form covalent  bonds and also t h e  

v o l a t i l i t y  of t h e s e  compounds i s  l o w ,  Also some of t h e s e  organometal l ics  

have low s t a b i l i t y .  Lead t i t a n a t e  i s  an a t t r a c t i v e  d i e l e c t r i c  for t h i n  f i l m  

cdpac i tors  because it i s  known t3 have i n  bu lk  form a high d i e l e c t r i c  con- 

s t a n t  and a c u r i e  temperature considerably h ighe r  t han  t h a t  of  barium t i t a n a t e .  

The l e a d  and t i t an ium compounds above a r e  l i q u i d s  at room temperature 

and have s u f f i c i e n t  vapor lpressure t o  permit t h e  r a t e  of de i ive ry  of t h e  



r e s p e c t i v e  gas  t o  t h e  r e a c t o r  t o  be con t ro l l ed  by r e g u l a t i o n  o f  t h e  flow of 

hydrogen over  t h e  l i q u i d  r a t h e r  t han  bubbling through t h e  l i q u i d .  

d e s i r a b l e  i n  o rde r  t o  prevent  t h e  formation o f  spray  d r o p l e t s  which may c o l l e c t  

downstream producing a v a r i a b l e  and t o o  concentrated a p l a t i n g  atmostphere.  

They may a l s o  t end  t o  nuc lea t e  growth defec ts  on t h e  su r face  of  t h e  s u b s t r a t e .  

This i s  

6 

For t h e  r e a c t i o n s  under cons idera t ion  (Equations 2 and 3)  t h e  s tandard  f r e e  

ene rg ie s  are negat ive  a t  rccmtempera ture  but  t h e  r e a c t i o n s  w i l l  not occur  a t  

t h i s  temperature  because they  are dependent upon t h e  water vapor be ing  produced 

by t h e  water-gas r e a c t i o n  (Equat icn 4). 

r e a c t i o n  shown i n  Figure 4 g ives  evidence t h a t  t h e  r e a c t i o n  proceeds spontaneously 

only  a t  t.emperatures above 800 C .  

The s tandard  f r e e  energy for t h i s  

o 36,17 

Work on var ious  metal-organic compounds presented  a t  a Symposium on Metal- 

Organic Compounds a t  t h e  M i a m i  meeting o f  t h e  American Chemical Soc ie ty  i n  

A p r i l ,  1957, appears  i n  book forPm . From papers  presented  by Herman and Beachman 

of t h e  Nat ional  Lead Co. and Hasham of duPont a t  t h i s  conference and from work 

of Bradley'', B r d 5  and o t h e r  publ lshed d a t a  one ga ins  an i n s i g h t  i n t o  t h e  

chemistry o f  t i t a n i u m  organic  Compounds. 

13 

16 

The a l k y l  t i t a n t e s  may be eonbidered t h e  e s t e r s  of o r t h o t i t a n i c  a c i d  

[Ti(OH)4] i n  which t h e  four  hydrogens o f  t h a t  hypo the t i ca l  a c i d  a r e  r ep laced  by 

four  a l k y l  groups,  

R r ep resen t ing  t h e  a l k y l  group, 

Thus T i C O R ) b  i s  t h e  general  formula f o r  an a l k y l  t i t a n a t e ,  

On exposure t o  water ,  m c j i s t  a i r ,  o r  substances conta in ing  water or hydroxyl 

groups t h e  a l k y l  t i t a n t e s  hydrolyze.  Isopropyl  t i t a n t e  hydroyzes very r a p i d l y ,  

sec-butyl  t i t a n a t e  hydrolyzes r a p i d l y ,  bu ty l  t i t a n a t e  hydrolyzes ,  and 2-e thylbuty l  

and 2-ethylhexyl t i t a n a t e s  hydrclyze r e l a t i v e l y  slowly thus  a f f o r d i n g  t h e  r e sea rche r  

an oppor tuni ty  t o  vary rates of hydrolysis as w e l l  as t h e  type  of  hydro lys i s  

product .  The ex ten t  and r a t e  of 

17 
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I n  a l l  cases  t h e  eventua l  r e s u l t  of comDlete hydro lys is  i s  t h e  formation of 

t i t a n i u r i  iiydi-ate ar,d re le8sed  a lcohol .  

t h e  formation of an in te rmedia te  complex between t h e  e s t e r  and water. The 

r e a c t i o n s  are : 

are zair?ly dependent upon t h e  r a t i o  of water t o  a l k y l  t i t a n a t e .  

The mechanism i s  bei ieved15 t o  involve  

+ H 2 0  _j + ROH 

RO RO 

+ ROH 

The hydroxyl es ter  cannot be i s o l a t e d  s i n c e  it immediately r e a c t s  t o  

g ive  the  dimer, 

reac  t i 3n : 

The hydro lys is  proceeds s tepwise as shown i n  t h e  fol lowing 

x(R0) T i O T i j O R )  + xH 0 + 1 ( - T i ( O R ) 2 0 - )  + 2xROH 3 3 2 2x 

and cont inues as fo l lows:  

(-Ti(0R )O-)x + xH 0 -+ xTiO + 2xROH 

g iv ing  as t h e  end r e s u l t  a c l e a r  amorphous film of  T i 0  A s  po in ted  out  2 -  

previously t h e  water gas r e a c t i o n  (equat ion 1) w i l l  make t h i s  r e a c t i o n  more 

2 2 2 



contro1lzbl.e aEd prevent  depos i t ion  of t h e  TiO, prematurely before  reaching 

t h e  s u b s t r a t e .  

L 

 he al!<.;l t i tar?at .es  when hea ted  Isyrolyze t o  y i e l d  r e l a t i v e l y  hard  g l a s sy  

16 products  I n  t h e  case of b u t y l  t i t a n a t e ,  t h e  r e a c t i o n  can be i l l u s t r a t e d  as:  

+ C H OH + C4H8 
30O0C! 

4 9  (C H 0) TiOTi (OC4H9I3 4 9  3 A -  2(C H 0) Ti 4 9  4 

The primary decomposition proddcts o f  i sopropyl  t i t a n a t e  seem t o  be  propy- 

l e n e ,  i sopropyl  a l coho l ,  and t i t a n i u m  dioxide ( H a s l a m 1 3 ) .  

Thus T i 0  f i l m s  may be depos i ted  by pyro lys i s  by us ing  a c a r r i e r  gas 2 

t o  convey t e t r a i s o p r o p y l  t i t a n a t e  vapor t o  a hot  s u r f a c e  (500-600~~) or by 

hydro lys is  u t i l i z i n g  t h e  water-gas r eac t ion  and a ho t  s u r f a c e  (800-1000 c ) .  0 

Regarding t h e  second phase,  t h e  production of mixed t i t a n a t e s ,  t e t r a -  

ethylead--commonly ab rev ia t ed  t o  t h e  TEL--is a simple organometal l ic  compound 

of moderate chemical r e a c t i v i t y .  TEL i s  very s t a b l e  a t  room temDeratures,  

bwt on hea t ing  it undergoes an exothermic d i s s o c i a t i o n ,  g iv ing  a complex of 

r e a c t i o n  products .  Milde and Beatly13 point  ou t  t h e  TEL undergoes i n t e r -  

change r e a c t i o n s  wi th  o t h e r  lead a l k y l s  and wi th  c e r t a i n  o t h e r  metal a l k y l s  

t , ~  g ive  a mixture  of pruducts ,  Other recent  work34 i n d i c a t e s  t h e  f e a s i b i l i t y  

of" forming mixed t i t a n a t e s  b y  chemical vapor depos i t i on .  

These c a l c u l a t i o n s  only represent  the  o v e r a l l  r e a c t i o n  and only  show 

triat t h e  r e a c t i o n  i s  thermodynamically poss ib l e .  They do not show us t h e  

ra te  o r  mechanism by which each system approaches equ i l ib r i am for t h i s  cannot 

be r e a d i l y  p red ic t ed  by pure ly  t h e o r e t i c a l  cons ide ra t ions .  To e s t a b l i s h  t h e  

w a c t i o n  k i n e t i c s  for each vapor p l a t i n g  system recourse  t o  d i r e c t  ex- 

per imentat ion i s  necessary ,  '912 r e s u l t s  JY thermodynamic c a l c u l a t i o n s  should 

be i n t e r p r e t e d  w i t h  due caut ion  because they may be based on i n c o r r e c t  d a t a  
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o r  nay be u;;at ta inable  because of k i n e t i c  f a c t o r s .  Powell ,  Oxley, and 

Blocher c i t e  examples of processes  which a re  impossible thermodynamically and 

whicn do w0i-k. 

6 

Thermodynamics t h e r e f o r e  provides  a powerful t o o l  f o r  analyzing t h e  

f e a s i b i l i t y  of a given depos i t ion  p rocess ,  b u t  from a p r a c t i c a l  viewpoint 

t h e  process  i s  f requent ly  a l s o  governed t o  a l a r g e  ex ten t  by k i n e t i c  f a c t o r s .  

Only a c a r e f u l  experimental  program can proper ly  eva lua te  a s p e c i f i c  chemical 

s y s t e m .  
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111. ANALYSIS - OF METAL-POLYMER-SEMTCOIVDUCTOR DEVICE CAPACITPJCE 

A.  INTRODUCTION 

The u l t i m a t e  success  o f  a tunnel ing  iCS d i g i t a l  device w i l l  be 

dependent upon an understanding of t h e  charge s to rage  and t r a n s p o r t  p rocesses .  

The t h i n  f i l m  metal-insulator-semiconductor capac i tance ,  t a k i n g  i n t o  account 

t he  t u n n e l i n g  and Schot tky emission cur ren t  f low, i s  d iscussed  i n  t h i s  

s e c t i o n .  

l a c k  of s i g n i f i c a n t  flow of  charge through t h e  i n s u l a t o r .  I n  t h i s  r e sea rch  

on d i g i t a l  dev ices ,  however, t h e  a d d i t i o n a l  complicat ion must be considered.  

Previous r e sea rch  on MOS devices  has  been less  complicated by 

Traps o r  recombination c e n t e r s  i n  t h e  polymer i n s u l a t i n g  t h i n  l a y e r  may be 

charged by t h e  cu r ren t  pas s ing  through it .  A s  more e l e c t r o n s  pass  through,  

t h e  p r o b a b i l i t y  inc reases  t h a t  t h e  t r a p s  and recombination c e n t e r s  are f i l l e d .  
f 

A s m a l l  i nc rease  i n  MPM (metal-polymer-metal) capac i tance  due t o  t h e  inc rease  

of  b i a s  vo l t age  i s  be l ieved  t o  be t h e  r e s u l t  of t h e  inc reas ing  charge t rapped  

i n  t h e  i n s u l a t i n g  l a y e r ,  

From t h e  measurements r epor t ed  i n  Vols. I ,  I11 and I V Y  it i s  now ap- 

pa ren t  t h e  MPS capac i to r  needs add i t iona l  f e a t u r e s  t o  i t s  model t han  a v a i l -  

a b l e  f o r  t h e  MOS s t r u c t u r e  wi th  a t h i c k  ( >  1000 A )  i n s u l a t i n g  l a y e r .  This  
0 

chapter  of  t h e  r e p o r t  i s  a survey of t h e  e x i s t i n g  models, wi th  t h e  d i r e c t i o n  

c f  our own e f f o r t  i n d i c a t e d .  The sec t ions  B-H review t h e  MOS c a p a c i t o r  

t heo ry ,  s e c t i o n s  I and J d i scuss  t h e  manner i n  which t h e  charge t r a p p i n g  and 

t r a n s p o r t  mag be in t roduced  t o  modify the  ME'S system model. 

B .  CARRIER DENSITIES AND BAND MODEL FOR AN IDEAL SEMICONDUCTOR SURFACE 

The energy-level  diagram for a semiconductor su r face  can be shown 
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as follows: 

SEMK ONDUC TO& 

;--< 

Fig. 5. Energy-level diagram f o r  a semiconductor surface 

Referring to the above diagram, the concentrations of free electrons, 

n, and holes, p ,  in the semiconductor in thermal equilibrium are: 

where nb' nsY Pb, p, 

trations respectively. 

are the bulk and surface electron and hole concen- 
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E.  = i n t r i n s i c  Fermi energy 
1 

%*, m * a r e  t h e  e f f e c t i v e  mass of  hole  and e l e c t r o n .  e 

The p o t e n t i a l ,  wi th  r e spec t  t o  bulk p o t e n t i a l ,  a t  any po in t  i n  t h e  

semiconductor,  i s  given as V = $ - 4jy 

kT L e t  u = 

-e 
kT and v -  

'?he e l e c t r o n  and hole  d e n s i t i e s  a t  every poin t  can be expressed as 

U -v n = n . e  = n e 
1 b 

-U -v 
= 1 = 'be 

Vs and 41 a r e  eonvenient means of  c l a s s i f y i n g  t h e  su r face  condi t ions .  s 

If $ s  

When t h e  s i g n  of V 

i a y e r  i s  formed a t  t h e  s u r f a c e ,  and i f  Vs 

b e  formed. 

an accumulation l a y e r  or an enhancement l a y e r  e x i s t s  a t  t h e  s u r f a c e .  

Vhen Vs = 0 ,  t h i s  i s  f l a t  band condi t ion.  

0 ,  t h e  su r face  i s  n-type, and i f  C$ i 0 ,  t h e  su r face  i s  p-type. 

is oppos i te  t o  t h a t  o f  $b and Vs 1 2C$b, an inve r s ion  

b 

S 

S 

2$ , a dep le t ion  l a y e r  w i l l  

0 f o r  n-type material If Vs < 0 f o r  p-type ma te r i a l  or V 
S 

C. SURFACE SPACE CHARGE DENSITY 

The e l e c t r o s t a t i c  p o t e n t i a l  , $I , wi th in  t h e  semiconductor c r y s t a l  

j s  r e l a t e d  t o  t h e  charge d e n s i t y , p ,  i n  t h e  c r y s t a l  through Poissos; 's  
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. 

equation. In one dimensional case 

Where Es = K€o,  is the permittivity of the semiconductor, and p = 

q(ND - NA + p - n). 

n, are the free hole and electron densities. 

NA and Ngare the acceptor and donor densities and p ,  

%, and n - p = 2n sinhu, = 2 n. sinh pkT By substituting $I = -, ND - N 
cl A 1 i 

the Possicn’s equation takes the form as: 

2 
- = -  a u  I- (sinhu - sinhub) 
2 A 2  

dz i 

where A the Debye length of the semiconductor based on the intrinsic 

concentration n is defined as 
1’ 

i’ 

The boundary condition is u = u 

The above equation may be integrated to give the electric field, 

at z = 0 and u = yo at z + w .  
S 

E, as: 

The plus sign is to be used for u and the minus sign f o r  u > . 
Let u = u the electric field at the surface is obtained as 

% 

S Y  
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where 

To determine t h e  t o t a l  charge p e r  unit su r face  a r e a ,  Qsc, l e t  u = u 
S 

and use Gauss' l a w  t o  g e t :  

Q~~ ( u s )  = c s E S ( U S )  

where C = /Ai , r e p r e s e n t s  
0 S 

an "e f f ec t ive  " semiconductor s u r f  ace c apac i - 
r7.7 

I I  t a n c e  pe r  u n i t  area. An e f f e c t i v e  Debye l eng th  L ,  i s  def ined  as 

It i s  t h i s  l e n g t h  which cha rac t e r i zes  t h e  width of  t h e  space-charge 

reg ion .  

I f  an inve r s ion  l a y e r  i s  p re sen t  at t h e  s u r f a c e ,  t h e  e l e c t r i c  f i e l d  

7 a i s  expressed i n  a d i f f e r e n t  way . For p-type m a t e r i a l :  

where t h e  A's a r e  t h e  Debye l eng ths  based on t h e  concent ra t ions  i n d i c a t e d  

by t h e i r  s u b s c r i p t s .  

For s u f f i c i e n t l y  high su r face  p o t e n t i a l s ,  t h e  s u r f a c e  f i e l d  i s  simply 
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and t h e  t o t a l  mobile charge i n  t h i s  invers ion  l a y e r  i s  g lven  by 

D. SURFACE SPACE-CHARGE CAPACITANCE 

Since t h e  n e t  charge i n  t h e  semiconductor su r face  changes wi th  

v a r i a t i o n s  i n  t h e  p o t e n t i a l  ac ross  t h e  su r face  l a y e r ,  a d i f f e r e n t i a l  capa- 

c i t a n c e  , can be a s s o c i a t e d  with t h e  semiconductor su r face .  This  capa- csc  , 
z i t a n c e  p e r  u n i t  

- 
- 

where Q i s  t h e  s c  

area i s  def ined  as :  

ne t  charge i n  t h e  space-charge l a y e r  and C i s  t h e  e f f ec -  
0 

t i v e  semiconductor capac i tance  pe r  u n i t  a r ea .  

f-cm 

For s i l i c o n  Co i s  4 . 2  x 10-l' 
-2 -2 and f o r  germanium it i s  9.36 x lo-' f-cm . 
This  d i f f e r e n t i a l  capaci tance can be measured by superimposing a small 

a-c vo l t age  upon t h e  app l i ed  d-c b i a s .  An example p l o t  of  t h i s  su r f ace  

space-charge capac i tance ,  normalized with r e spec t  t o  C versus  t h e  normalized 

su r face  b a r r i e r  h e i g h t s ,  Vs, i s  shown i n  Fig.  6 .  
0 ,  

There,% i s  chosen as 1 5  
16 -3 which corresponds t o  n = 4.6 10  cm . 

However, t h e  measured capac i tance  may decrease as t h e  frequency of 

t h e  t e s t  s i g n a l  i n c r e a s e s ,  s ince  t h e  charge i n  t h e  space-charge l a y e r  cannot 

change in s t aneous ly .  

For dep le t ion  o r  accumulation l a y e r s ,  t h e  charge f l u c t u a t i o n s  a r e  

produced by a flow of ma jo r i ty  c a r r i e r s  through t h e  bulk  of  t h e  semiconductor, 
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Fig .  6 .  Re la t ive  su r face  space-charge capaci tance vs .  su r f ace  b a r r i e r  

and they  w i l l  fo l low t h e  app l i ed  vo l t age  s i g n a l  as long  as: 

E 
S 

>>  - = ‘ T  
1 - 

r d b  w 

where gb i s  t h e  semiconductor bulk conduct iv i ty ,  and T 

r e l a x a t i o n  t i m e  o f  t h e  semiconductor. 

i s  t h e  d i e l e c t r i c  r 

For s i l i c o n ,  wi th  a bulk conduc t iv i ty  

of 6, = lO(ohm-cm) -1 , T = 1 0  -9 s e c ,  it i s  c l e a r  t h a t  f o r  a l l  f requencies  r 

of p r a c t i c a l  concern t h e  major i ty  c a r r i e r s  w i l l  respond immediately. 

i nve r s ion  l a y e r s  t h e  t i m e  cons tan t  i s  much longe r ,  t y p i c a l l y  0 . 0 1  - 1 sec., 

and it i s  f u r t h e r  descr ibed  i n  t h e  next s e c t i o n .  

capac i tance  i s  s t rong ly  frequency dependent. 

For 

Therefore ,  t h e  d i f f e r e n t i a l  
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E. FREQUENCY RESPONSE OF THE SURFACE INVERSION LAYER 

0 7 -  ine siiiall-signal impedance and equivalent circuit model of metal 

insulator and semiconductor structures has been discussed and preseztcd by 

several authors 81y ”’ 8or 

the complexities of the mathematical results and are very difficult to use 

These discussions and presentations reflect 

in practice. Hofstein and Warfield have presented an approximate analysis 

of the frequency response of the MOS capacitor when the surface layer is 

strongly inverted, with emphasis on the frequency response of the inversion 

layer itself . Although this first-order one-dimensional model is not 82 

exact, it yields numerical values for the pertinent parameters of MGS capa- 

citors which agree with experimental results to within an order of magni- 

tude. When the surface layer is strongly inverted there are several sources 

which can supply the minority carriers required to charge the inversion 

78 layer . Each of the sources can be represented by a resistance. This leads 

tG the simplified equivalent circuit, shown in Fig. 7 on the following page. 

R is associated with an electron diffusion current from the bulk, d 

R with a volume-generated current within the depletion region, and R 

is associated with a surface-generated current directly related to the sur- 
go gs 

face states at the insulator-semiconductor interface, C is the capacitance d 

of the depletion region. 

a minority carrier lifetime of T = 10 sec is taken. These resistances 

are: Rd = 2 x 10 ohm-cm , R = 5 x 10 ohm-cm 

For this material Co = 10 

of T = 2 sec, T = 5 x see, T = 1 sec. The response time of 

For p-type silicon (10 ohm-em) at room temperature 78 , 
-6 

n 
8 2 6 2 a 2 = 1 x 10 ohm-cm . Rgs go 

-8 f/cm2, leading to inversion layer response times 

d go g5 



the inversion layer will be 

which corresponds to the response frequencies less than 2 cps. 

A second-order model, which can explain certain "anomalies", such as 

. The electrode inversion 83, 82 hysteresis, has been proposed by Hofstein 

P = e; 

1 

Fig. 7. Simplified equivalent circuit f o r  determining the frequency 

response of the inversion layer. 

layer is coupled to the bulk through a distributed RC network. A simple 

RC lumped circuit may be employed to approximate the distributed network 

as shown in Fig. 8. The frequency response of a p-type MOS capacitor has 

been investigated by Hofstein and Warfield. Their results showed a good 

agreement with the behavior predicted by this second-order model. 

F. THE PRESENCE OF SURFACE STATES IN A REAL SEMICONDUCTOR SURFACE 

The termination of the perfect periodicity of the crystal potential 

at a surface introduces localized allowed energy states, some of which are 
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Fig .  8. ( a )  Two-dimensional model for expla in ing  t h e  anomalous frequency 

response observed i n  MOS capac i to r s  

( b )  Approximate equiva len t  c i r c u i t  

i n  t h e  forbidden gap. These a r e  dangl ing or unsa tu ra t ed  bonds a t  t h e  sur- 

f ace  and may absorb gases  and impur i t i e s  as w e l l  as ho le s  and e l e c t r o n s .  

The s u r f a c e  s t a t e s  are important because t h e  fast  s t a t e s  are mainly r e spons ib l e  

f o r  t h e  genera t ion  and recombination of e l e c t r o n s  and holes  a t  t h e  s u r f a c e ,  

and t h e  slow s ta tes  l a r g e l y  determine the  su r face  p o t e n t i a l  by pinning t h e  

Fermi l e v e l  a t  t h e  su r face  t r a p  l e v e l .  

7 8  The p r o b a b i l i t y  of a t r a p  s i t e  at energy Et being occupied i s  given by 

1 
f 'Et)  = 1 + gexp(Et - E f ) / k T  
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where g = /2 f o r  acceptors  and g = 2 -31” donors. 

A t  equ i l ib r ium,  t h e  s u r f a c e  p o t e n t i a l  w i l l  a d j u s t  i t s e l f  i n  such a way 

t h a t  t h e  s u r f a c e  t r a p s  are f i l l e d  i n  accordance with t h e  a’uovz equstinn, 

and o v e r a l l  charge n e u t r a l i t y  e x i s t s .  This means t h e  su r face  p o t e n t i a l  

i s  such t h a t  i t  produces the  necessary charge i n  t h e  space-charge l a y e r  un- 

til neut l -a l i ty  e x i s t s .  

t h e n ,  with no app l i ed  vo l t age :  

If Qss i s  t h e  t o t a l  charge i n  s u r f a c e  s t a t e s ,  

Qss + Qsc 0 .  

G. SURFACE STATES CAPACITANCE AND FREQUENCY 

There i s  a d i f f e r e n t i a l  capaci tance,  a s soc ia t ed  wi th  change css ’ 
of charge i n  su r face  s ta tes ,  It is  def ined as: 

2QsS 

2vS 
c =  

ss 

The t o t a l  s u r f a c e  capaci tance i s  then  given by:  

- c + c  c = - - -  *QT 
S 2v s c  ss 

S 

where Q - 

Thus, t h e  semiconductor su r face  capaci tance i s  a p a r a l l e l  combination of 

space-charge and s u r f a c e - s t a t e  capaci tance.  

+ Qsc i s  t h e  t o t a l  charge a t  t h e  semiconductor s u r f a c e .  
T - ‘ss 

Associated wi th  t h e  frequency response o f  s u r f a c e  s t a t e s ,  t h e  response 
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t i m e  of a t r a p ,  It i s  t h e  mean t i m e  before  a t r a p  i s  

f i l l e d  a t  t h e  su r face .  Based on a tunnel ing  model, t h e  t r a p  t ime-constant 

f o r  a s i n g l e  t r a p  l e v e l  i s  given byu4: 

T ~ ,  can be def ined .  

- 8  

2K0z 
f? 

S = t h e  capture  ‘n, p where ? = t h e  thermal  v e l o c i t y  o f  e l ec t rons  and holes .  

?mss s e c t i a n  f o r  e l e c t r o n s  and h o l e s ,  and 

- KO2 = 2m* ( W  - E c )  
#I2 

where m* i s  t h e  e f f e c t i v e  mass, and W i s  the  he ight  of  t h e  p o t e n t i a l  energy 

b a r r i e r  a t  t h e  su r face .  

The frequency response,  f, of  a monoenergetic t r a p  l e v e l  l o c a l i z e d  a t  

t h e  i n t e r f a c e  i s  descr ibed  by t h e  dimensionless func t ion :  

which r e p r e s e n t s  t h e  f r a c t i o n  of  t rapped  e l e c t r o n s  t h a t  can fol low an app l i ed  

s i g n a l  of angular  frequency u The phase de lay  a s s o c i a t e d  with t h e  frequency 

f a c t o r  w i l l  add a r e s i s t i v e  component t o  t h e  su r face - s t a t e  capac i tance .  

H. METAL-INSULATOR-SEMICONDUCTOR CAPACITANCE 

I n  t h i s  s e c t i o n  t h e  genera l  expression f o r  metal-insulator-semi- 

conductor capac i tance  i s  der ived  by assuming: ( a )  t h e  f i l m  i s  p e r f e c t l y  
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i n s u l a t i n g  (no  tunne l  o r  space -cha rge - i id t ed  c u r r e ~ t  f low) ,  ( b )  t h e r e  is 

no con tac t  p o t e n t i a l  between t h e  metal and t h e  semiconductor, ( c )  t h e  sur -  

face  states a r e  uniformly d i s t r i b u t e d  s p a t i a l l y  or, t h e  in s i l l a to r .  ( d )  t h e  

f i e l d  i s  e s s e n t i a l l y  uniform throughout t h e  i n s u l a t i n g  l a y e r .  I f  a vo l t age  

1 s  app l i ed  ac ross  t h e  devlce ,  t h e  e l e c t r i c  f i e l d  te rmina tes  on two d i f f e r e n t  

kinds of charges;  t h e  charge i n  t h e  semiconductor space-charge r eg ion ;  and 

charge i n  t h e  su r face  states. 

>ur face  s ta tes  p e r  u n i t  i n t e r f a c e  area f o r  t h e  p a r t i c u l a r  va lue  of I$ S (and V a l .  

The charge i n  t h e  su r face  states i s  Q 

L e t  Nss r epresent  t h e  d e n s i t y  of  occupied 

- - qNss ss 

The t o t a l  charge,  QT, pe r  u n i t  area a t  t h e  semiconductor i s :  

- 
QT - Qsc + Qss" 

Assume t h e  i n s u l a t i n g  l a y e r  t h i ckness  i s  l a r g e  compared t o  t h e  Debye l e n g t h  

i n  t h e  i n s u l a t o r ,  t h e  e l e c t r i c  f i e l d  within t h e  i n s u l a t o r  has t h e  magnitude 

Vi/di, where d .  i s  t h e  insulating l a y e r  t h i ckness .  By Gauss l a w :  
1 

Iwl = QT CiVi 

where C = /di i s  t h e  i n s u l a t o r  capaci tance pe r  u n i t  a r e a .  i 1 

The t o t a l  capac i tance  pe r  u n i t  a r e a  of  t h e  MIS s t r u c t u r e  i s  

'its 
ci * cs 

a Qr c = -  av 1 

The tstal. capaci tance corresponds t o  a s e r i e s  combination o f  t h e  i n s u l a t i n g  

l a y e r  and t h e  su r face  capac i tance .  
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Since t h e  i n s u l a t o r  capac i tance  i s  constant  and ~ s s - m e d  t o  be freqi.i.ency 

independent,  t h e  frequency dependence o f  the  MIS capac i tance  i s  completely 

determined by t h e  frequency dependence of the  semiconductor su r f sce  czpaci - 

t ance .  

The complete func t iona l  form, inc luding  frequency dependence of t h e  

ove r -a l l  capac i tance ,  can be obta ined  i f  we rewrite t h e  vo l t age  ac ross  t h e  

89 device as : 

v = v. + v = vss + vsc + vs 1 S 

Qs S qNs s - - = -  - 
vss where 

Qs c and vsc = - 

a r e  t h e  v c l t a g e  equ iva len t s  of Q and Qsc. ss  

The s i t u a t i o n  wi th  Vss i s  complicated and depends on t h e  d i s t r i b u t i o n  

of t h e  s u r f a c e  s ta tes  wi th  r e spec t  t o  energy and p o s i t i o n  i n  t h e  i n s u l a t o r  

K t ( z , E t ) .  It can be shown t h a t ,  i n  general  , 84 

where 
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i s  a pseudo-Fermi-Function i n  t h e  \ - a ~ i a b l e  z. 

The frequency dependence of  MIS capacitance i s  implied i n  t h e  frequency 

dependence of a V  / a V s .  Since tiit. smal l -s ignal  time c o n s t a n t ,  T _ ,  depends 

upon t h e  app l i ed  b i a s  through V 

of t h e  bias .  

ss  L 

t h e  frequency dependence w i l l  be a func t ion  
S’ 

The MIS capac i tance  as a func t ion  o f t h e  su r face  b a r r i e r  can be obta ined  

by use  of V = V + Vsc + Vs- 
ss  

It i s :  

The MIS capac i tance  wizh tunne l ing  o r  Schot tky emission cu r ren t  f low 

i s  q u i t e  complicated,  and a t  p re sen t  s t age ,  no compact equat ion or  formula 

can be found i n  t h e  l i t e r a t u r e .  

The first s t e p  t o  der ive  an equat ion f o r  MIS capac i tance ,  which t a k e s  

t h e  tunne l ing  cu r ren t  f low, probably i s  t o  understand t h e  conduction through 

t h e  i n s u l a t i n g  l a y e r .  

1. CONDUCTlCN PROCESSES THRGUGH INSULATING LAYER 

Conduction thrcugh i n s u l a t i n g  l aye r s  can t a k e  p l ace  i n  var ious  

mechanisms. Two of those  mechanisms a r e  Schot tky emission and tunne l ing .  

We vi11 d i scuss  t h e s e  two mechanisms very b r i e f l y  i n  t h i s  r e p o r t .  For d e t a i l  

and more complete information r e f e r  t o  Volume 111. 

1. Schot tky Emission: 

I Is t h e  p o t e n t i a l  b a r r i e r ,  A $ ,  i n  a meta l - insu la tor  i n t e r f a c e  

i s  small, o r  i f  t h e  temperature  i s  h igh ,  t h e r e  w i l l  be e l e c t r o n s  i n  t h e  metal 

wi th  s u f f i c i e n t  energy t o  pass  over t h e  b a r r i e r  and flow i n t o  t h e  conduction 
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band of t h e  i n s u l a t o r .  For a small appl ied  f i e l d  t h i s  flow oi e l e c t r m s  =r 

t h e  cu r ren t  p e r  u n i t  area i s  given as ,  

This i s  t h e  Richardson equat ion as i n  t h e  case  o f  thermionic  emissfon 

A t  rocm temperature ,  and f o r  o rd ina ry  i n s u l a t o r s  t h e  cu r ren t  i n  a vacuum. 

given by t h e  Richardson equat ion i s  neg l ig ib ly  small. 

high e l e c t r i c  f i e l d  t h e  he ight  of" t h e  b a r r i e r  may be decreased and causes  

more thermionic  c a r r i e r s  tc flow over t h e  b a r r i e r .  

t h e  lowering of t h e  b a r r i e r  he ight  by an appl ied  f i e l d  E i s  given by: 

However, by applying 

Inc luding  t h e  image ' fo rce ,  

3E. 1 / 2  
"max = $9-1 Ei (where f i  = K . E  

1 0  

I n s e r t i n g  t h i s  express ion  i n t o  Richardson's equat ion one g e t s  t h e  Schot tky 

equat ion  as : 

m* 2 -1.15 x 1 0  4 (A$/Te)13.8 E " ~ / ( K ~ T ) ' / ~  amp/cm 2 
= 120 - T e m 

2. Tunneling: Tunneling is  a quantum mechanical p rocess ,  which 

says  t h e r e  i s  a f i n i t e  p r o b a b i l i t y  t h a t  a number of e l e c t r o n s  without  suf -  

f i c i e n t  energy can "leak" thrcugh the  p o t e n t i a l  b a r r i e r ,  

lowing f i g u r e  and apply WKB a p p r o x i ~ n a t i o n ~ ~  t h e  p r o b a b i l i t y  P ( E ) ,  t h a t  an 

Refer t o  t h e  f o l -  

37 



e l e c t r o n  i n c i d e n t  on and w i l i  pass  through the  bairr iers  is 

1 Z 

Fig.  9. One-dimensional t unne l ing  

From t h e  above equat ion w e  know t h e  t ransmiss ion  p r o b a b i l i t y  i s  expo- 

n e n t i a l l y  dependent on t h e  th i ckness  o f  b a r r i e r  o r  i n s u l a t o r .  
0 

For a very t h i n  i n s u l a t i n g  l a y e r  (say l e s s  than  200 A )  e l e c t r o n s  can 

tunne l  d i r e c t l y  from a m e t a l  through t h e  forbidden band i n t o  t h e  conduction 

band of  t h e  o t h e r  metal o r  semiconductor. For t h i c k e r  i n s u l a t o r  t h e  tun-  

n e l i n g  p r o b a b i l i t y  i s  n e g l i g i b l e ,  bu t  an app l i ed  high e l e c t r i c  f i e l d  ac ross  

t h e  i n s u l a t o r  can narrow t h e  b a r r i e r  and permit e l e c t r o n s  t o  tunne l  i n t o  

t h e  TnsulatoP conduction band. There a r e  a l s o  tunne l ing  processes  which 

t r a n s p o r t  charge i n  and out  of t r a p s .  
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The t u n n e l  cu r ren t  pas s ing  through t h e  i n s u l a t o r  can be c d c i i l a t z d  by 

e v a l u a t i n g  t h e  i n t e g r a l ,  

where E i s  t h e  k i n e t i c  energy of  t h e  e l ec t ron  i n  t h e  inc iden t  metal, measured 

from t h e  bottom of  t h e  conducticn band. 

There have been many a t tempts  t o  eva lua te  t h e  above equat ion ,  but  t h e  

complete s o l u t i o n  cannot be obta ined  i n  a n a l y t i c a l  form. Approximate ca l -  

c u l a t i o n s  have been made by most au tho r s ,  y e t  it may be v a l i d  only i n  cer -  

86, 87,  90 t . a in  l i m i t s  

J .  THE INSULATOR WITH TRAPS 

Real i n s u l a t o r s  have l a r g e  q u a n t i t i e s  o f  d e f e c t s  or impur i t i e s .  

Thei r  e f f e c t s  are two-fold. F i r s t ,  each imperfect ion in t roduces  one or 

more l o c a l i z e d  energy s t a t e s .  

t r a p  free excess  c a r r i e r s ,  removing them from t h e  conduction process .  

Second, l o c a l i z e d  imperfect ions s c a t t e r  f r e e  charge c a r r i e r s ,  thereby  reduc- 

i n g  t h e i r  mob i l i t y .  

charged ( i o n i z e d  impuri ty  s c a t t e r i n g ) .  

S t a t e s  which are empty i n  equ i l ib r ium may 

This i s  p a r t i c u l a r l y  t r u e  i f  t h e  s ta tes  a r e  e l e c t r i c a l l y  

Consider t h e  case of  t h e  tunne l ing  cu r ren t  as a s t eady- s t a t e  process .  

Under t h e  a p p l i c a t i o n  of t h e  e l e c t r i c  f i e l d ,  e l e c t r o n s  from a l a r g e  r e s e r v o i r  

f low i n t o  t h e  i n s u l a t o r .  I f  t h e  dens i ty  of e l e c t r o n s  i s  smal le r  t han  t h a t  

of  t h e  t r a p s ,  most of  t h e  e l e c t r o n s  w i l l  be  t r apped ,  l eav ing  only a s m a l l  

number of thermal ly  exc i t ed  f r e e  c a r r i e r s .  The r a t i o  of free t o  t rapped  
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charge,  i n  t h e  s imples t  s i t u a t i o n ,  i s :  

-7 
/o . 

- I  /o . 

-? /o 

A I ?  
--t 
kT? 

n iu‘ 

n 
C C 

exp [ -  - 1 - = -  
t Nt 

-I/ 
/o - 

/2 

where N = t h e  dens i ty  of states i n  t h e  conduction band c 

N = t h e  dens i ty  cf t r a p s  t 

t AE = t h e  i o n i z a t i o n  energy of  t h e  t r a p s  

A s  t h e  vol tage  i s  increased  and t h e  number of  c a r r i e r s  i n j e c t e d  i n t o  

t h e  i n s u l a t o r  becomes l a r g e r  t han  t h e  number of t r a p s ,  t h e  excess  c a r r i e r s  

remain f r e e .  It i s  t h e r e f o r e  expected t h a t  t h e  cu r ren t  through an i n s u l a t o r  

wi th  t r a p s  vi11 i nc rease  very s t r o n g l y  at a c e r t a i n  vo l t age ,  even tua l ly  

approaching t h e  value o f  t h e  t r a p - f r e e  case.  Any remaining d i f f e r e n c e  i s  

caused by a r educ t ion  of  t h e  mob i l i t y  due t o  t h e  ion ized  t r a p s .  One of  t h e  
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The f i l l i n g  or emptying of t r a p s  i n  the  i n s u l a t o r  w i l l  certair*ljr  a f f e c t  

We have found out  t h a t  t h e  t h i n  f i l m  MPM t h e  t h i n  f i l n  capac i tance  reading.  

capaz l tance  w i l l  i nc rease  as t h e  b i a s  vol tage i n c r e a s e s .  

because t h e  charge t rapped  i n  t h e  i n s u l a t o r  has  been inc reased  as t h e  cu r ren t  

through t h e  i n s u l a t o r  i nc reases .  A frequency dependent MPM th in - f i lm  capa- 

c i t a n c e  a l s o  has been observed i n  t h e  l abora to ry .  This  might be caused by 

t h e  frequency dependent c h a r a c t e r i s t i c  of  t h e  polymer. Y e t ,  t h e  charging 

and d ischarg ing  processes  of  t h e s e  t r a p s  due t o  t h e  frequency v a r i a t i o n  may 

poss ib ly  c o n t r i b u t e  t h e  frequency dependent na tu re  of t h e  th in - f i lm  MPM 

capac i tance .  So far,  no equat ions  or d e t a i l e d  d i scuss ions  about t h e  b i a s  

vo l t age  and frequency dependence t h i n  f i l m  metal- insulator-metal  capac i tance  

can be found i n  t h e  l i t e r a t u r e .  The program f o r  t h e  next  s i x  months i s ,  

wi th  experimental  work, t o  develop an empir ica l  equat ion which can be used 

t o  guide device  modeling. 

K. DISCUSSION 

This  is pi-obzabljr 

We have l ea rned ,  through t h e  previous s e c t i o n s  of' t h i s  r e p o r t ,  t h a t  

t h e  t h i n  f i l m  metal-insulator-semiconductor capac i tance  i s  t h e  s e r i e s  com- 

b i n a t i o n  of  t h e  d i e l e c t r i c  capac i tance  and t h e  s u r f a c e  capac i tance .  The 

semiconductor su r face  capaci tance i s  i n  t u r n ,  a p a r a l l e l  combination of  

space-charge and su r face - s t a t e  capaci tance.  Equivalent c i r c u i t s  of  t h e  f i r s t -  

order  and second-order model have been proposed and i n  c e r t a i n  cases  they  

agree  wi th  t h e  experimental  r e s u l t s  i n  magnitude. Yet, most of  t h e s e  equi- 

v a l e n t  c i r c u i t s  are der ived  by assuming t h a t  t h e  t h i n  f i l m  i s  p e r f e c t l y  i n -  

s u l a t i n g  (no t u n n e l  or space-charge-limited cu r ren t  f low)  and i s  de fec t  

f r e e .  
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We a l r e a d y  knew t h a t  t h e r e  i s  cu r ren t  f l o v  i n  t h e  i n s u l a t i n g  f i l m  when 

t h e  M I M  s t r u c t u r e  i s  b i a sed  wi th  c e r t a i n  vol tages .  We a l s o  observed t h e  

i n c r e a s i n g  of capac i tance  by  increas i i ig  tk;c b i s c  7.rolt.age. We b e l i e v e  t h a t  

t h i s  i nc reased  capac i tance  w a s  due t o  t h e  excess charge c a r r i e r s  a v a i l a b l e  

t o  charge t h e  t r a p s  i n  t h e  i n s u l a t i n g  f i l m .  The cu r ren t  through t h e  i n s u l a t -  

i n g  f i l m  can be measured i n  t h e  l a b c r a t o r y  and it obeys t h e  simple r e l a t i o n  

t h a t  J i s  t h e  v e l o c i t y  of  t h e  

c a r r i e r  pas s ing  through t h e  f i lm .  Therefore ,  i f  w e  knew N we can c a l c u l a t e  

v and v i c e  versa. The increased  capaci tance or t h e  d i f f e r e n t i a l  capac i tance ,  

c = -  dQ a l s o  can be measured i n  t h e  l abora to ry .  Therefore ,  dQ, t h e  charge 

i n  t r a p s  can be c a l c u l a t e d ,  and through t h e  p r o b a b i l i t y  equat ioa  f o r  f i l -  

l i n g  a t r a p ,  t h e  excess  charge c a r r i e r  dens i ty  may be es t imated .  Thus, by 

t h e  d i f f e r e n t i a l  capac i tance  measurement w e  may d e f i n e  a v e l o c i t y  or mobi l i t y  

of an e l e c t r o n  pass ing  through an i n s u l a t i n g  f i l m .  It i s  worth no t ing  t h a t  

t h e  e l e c t r o n  v e l o c i t y  i n  pas s ing  through t h e  i n s u l a t o r  has  not  been d iscussed  

i n  any l i t e r a t u r e  w e  have seen t o  d a t e .  

qNvd, where N i s  t h e  c a r r i e r  dens i ty  and v d 

d 

dV 

Many k inds  of de fec t s  may e x i s t  i n  i n s u l a t o r s  and they  can a l l  in f luence  

t h e  conduction p r o p e r t i e s ,  and as we l l  as t h e  capac i tance  i n  one way or 

another .  Consider f i r s t  t h e  i n t r i n s i c  de fec t s .  A l l  common i n s u l a t o r s  have 

two kinds of i n t r i n s i c  d e f e c t s :  a Frenkel d e f e c t  and a Schot tky d e f e c t .  

These d e f e c t s  and t h e i r  r e l a t i o n s h i p  t o  impur i t i e s  a r e  r e spons ib l e  f o r  i o n i c  

conduction. 

Impur i t i e s  a r e  a l s o  a kind of de fec t .  They may a c t  as donors or aecep- 

:ors. E x c i t a t i c n  may be caused by photon absorp t ion  or impact i o n i z a t i o n .  

'3ue t o  t h e  inve r se  process  t h e  impur i t i e s  may a c t  as t r a p s .  They a l s o  reduce 

t h e  m c b i i l t y  of t h e  c a r r i e r s ,  p a r t i c u l a r l y  i f  t hey  a r e  charged. 
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Another t ype  of d e f e c t ,  which may he present  i n  any kind of i n s u l a t i n g  

l a y e r ,  i s  a void  or ccnglomeration of vacancies .  They may adverse ly  a f f e c t  

t h e y  may be f i l l e d  up wi th  metal atoms during depos i t i on  of t h e  f i l m .  They 

may i n c r e a s e  t h e  su r face  a r e a ,  thereby  inc reas ing  t h e  problems due t o  absorbed 

ions .  F i n a l l y ,  t hey  reduce t h e  breakdown s t r e n g t h  of t h e  l a y e r  because of 

t h e i r  reduced d i e l e c t r i c  cons t an t .  

I n  t h e  l i t e r a t u r e  d i scuss ing  t h e  metal-insulator-semiconductor s t r u c -  

t u r e ,  t h e  space charge l a y e r  i n  t h e  metal  i n s u l a t o r  i n t e r f a c e  has always been 

neglec ted .  It w a s  found t h a t  t h e  th ickness  of t h e  space-charge reg ion  i n  t h e  

metal, d i s  given as 78. . m 

2 EmEF l / 2  
dm = [T TI 

no 

For a t y p i c a l  m e t a l  n = EF = 1 0  ev ,  t h e  d i e l e c t r i c  
0 

0 

cons tan t  k = 1, then  d 0.84A. The maximum p o s s i b l e  capac i tance ,  m m 

2 li m 

*dm 
- - -  - - 5.6 bf/cm . ,-. 

max 

For & very t h i n  f i l m  capac i to r  t h e  metal  space charge reg ion  capac i tance  

should be taken  i n t o  account .  

From t h e  above d i scuss ion  we understand t h a t  t h e  t h i n  f i l m  capac i tance  

2s an involved r e sea rch  s u b j e c t ,  e s p e c i a l l y  for t h e  PIP'S t h i n  f i l m  capac i to r  

vhick; we a r e  i n t e r e s t e d  i n .  Recent ly ,  we have es t imated  t h a t  t h e  e f f e c t i v e  

mass of t h e  e l e c t r o n  i n  t h e  pclyrner may be much l e s s  than  t h e  e f f e c t i v e  mass 

I n  a meta l  or  semiconductor. EfSorts  continue t o  account f o r  t h e  observed be- 

havior  and t o  cons t ruc t  v a l i d  models fo r  t h e  phenomena. 
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I 

IV . OPTICAL DIGITAL TRASSDUCER COXCEPTS 

A. *PHOTODIELECTRIC DETECTION TRANSDUCERS WITH GERMANIUM AND SILICON 

Photo-induced changes in seiiilconductor c a r r i e r  density have been 

studied largely as they affect the conductivit,y. The associated change in 

the real part of the complex dielectric constant has not been observed at 

room temperatures since the effect is masked by the presence of thermal car- 

riers a 
91 

Personnel from the Electronic Materials Research Laboratory, The Uni- 

versity of Texas at Austin, have observed the photodielectric effect in 

Si, and Ge at 4.2 K. The experiments were conducted in superconducting 0 

resonant cavities where the photodielectric effect caused a significant in- 

crease in the resonant frequency. A typical value for the sensitivity is 

20 KHz per milliwatt of 9000 A radiation at a resonant frequency of 787 
0 

MHz for a P-type, Ge sample. All materials tested obey the classical expres- 

sions for the complex dielectric constant with a free-carrier contribution. 

Calculations show the recombination time for electron-hole pairs is less 

than seconds, perhaps by several orders of magnitude. This means the 

bandwidth cf the photodielectric effect is well above 10 MHz. 

The transducer consists of a cavity with a semiconductor sample at a 

temperature low enough to suppress thermal carriers. Operation in liquid 

helium permits the cavfty to have the very high Q's associated with super- 

conductivity. Unloaded Q's in excess of lo7 are routinely fabricated in our 

laboratory. Such Q's give the resonat,or exceptionally high frequency sta- 

bility. The optical receiver acts as a wide-band AM-FM converter, receiving 

an AM optical signal of low power and producing a corresponding FM microwave 
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output .  A low-noise microwave a m p l i f i e r  i s  used w i t h  t h e  r e sona to r  t o  make 

a s t a b l e  o s c i l l a t o r .  An embryonic p h o t o d i e l e c t r i c  r e c e i v e r  c o n s i s t i n g  of  a 

photo-tuned c a v i t y  and a m p l i f i e r  which forms a t r a n s d u c e r - o s c i i i a t o r  i s  s tudfed .  

The o s c i l l a t o r  output  i s  a frequency i n  the  GHz range which i s  swept through 

a few KHz a t  a rate determined by t h e  s i g n a l  frequency f l u c t u a t i o n s  of  t h e  

l i g h t  beam. The s t a b l e  l o c a l  o s c i l l a t o r  (probably an i d e n t i c a l  o s c i l l a t o r  

t o  t h e  t r a n s d u c e r - o s c i l l a t o r  except o f f s e t  by a s u i t a b l e  f requency)  i s  used 

i n  a heterodyne c i r c u i t  p r i o r  t o  FM de tec t ion  and output .  I n  i t s  f i n a l  form 

t h e  complete r e c e i v e r  would incorpora te  o p t i c a l  components t o  form an "Antenna" 

and an o p t i c a l  pa th  t o  t h e  p h o t o d i e l e c t r i c  sample. The base  f requencies  of  

t h e  t r a n s d u c e r - o s c i l l a t o r  and l c c a l  o s c i l l a t o r  would be kept  s t a b l e ,  both 

r e l a t i v e l y  and abso lu te ly ,  t o  any degree found necessary by s u i t a b l e  design 

o r  by inco rpora t ion  of a r e fe rence  frequency s tandard .  The use of super- 

conduct ing c i r c u i t r y  8s su res  t h e  frequency s t a b i l i t y  w i l l  be comparable t o  

a qua r t z  c r y s t a l  o s c i l l a t o r .  

A c l a s s i c a l  s o l u t i o n  of t h e  f r e e  e l ec t ron  i n  a s i n u s o i d a l  e l e c t r i c  f i e l d  

l e a d s  t o  a complex r e l a t i v e  p e r m i t t i v i t y  as given by Eq. (IV-1) 

In  a s o l i d  t h e r e  i s  a change i n  t h e  real  and imaginary p a r t s  as gi.ven by 

Eg. IV-2, where n is t h e  d e n s i t y  of  f r e e  charge c a r r l e r s .  

2 
E +  ne 2 2  I (1 - UP 2 2  / w  ne T / W  

E - j  2 2  2 2 2  
- =  - 

m*E E [I * w 2 2  T (l-wp 2 / W  2 2  1 1 m*EoER[l+o T (1-up /u 1 1 
O R  

0 

( IV-1) 

(IV-2 j 
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If t h e  f ree  charge i s  c r e a t e d  by photons of  cnergy ~ C / . X . ~  Ea_ IV-3 i s  

t h e  f ree  c a r r i e r  d e n s i t y  i n  a sample wi th  e f f e c t i v e  volume V conversion 
S '  

L '  e f f i c i e n c y ,  a, and l i f e t i m e ,  T 

3, 
L CiT 

V Ihc/A) 
n =  

S 
I) i n  w a t t s .  (IV-3) 

The r e s u l t i n g  express ion  f o r  t h e  d i e l e c t r i c  cons tan t  i s  given by Eqs. I V - 4 ,  

IV-5 and IV-6. 

( IV-4  ) 

where E i s  t h e  free c a r r i e r  component and T i s  t h e  c a r r i e r  r e l a x a t i o n  t i m e .  
$ 

( IV-6) 

The presence o f  E accounts f o r  t h e  d i e l e c t r i c  cons tan t  o f  t h e  c r y s t a l  R 

l a t t i c e .  

When t h e  semiconductor sample i s  placed i n  a c a v i t y ,  t h e r e  occurs  a 

p e r t u r b a t i o n  i n  resonant  frequency, Aw.  The r e l a t i v e  magnitude, i s  given 

by Eq. I V - 7  i n  terms of  t h e  uni l luminated d i e l e c t r i c  cons t an t ,  E mul- . 

t i p l i e d  by t h e  r a t i o  of ene rg ie s  given by t h e  i n t e g r a l s .  When t h e  sample i s  

D' 

i l l umina ted ,  another  frequency pe r tu rba t ion  occurs  which i s  determined by 
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t h e  new d i e l e c t r i c  cons t an t ,  E L. 

Equation IV-8 i s  t h e  f i n a l  express ion  for t h e  change i n  resonant  fre- 

. quency, where G i s  t h e  same r a t i o  or^ iritegi-als as in En,; TV-7. The magni- 

t ude  of G i s  a func t ion  of  geometry only and can be eva lua ted  by a room 

temperature  experiment.  A t y p i c a l  va lue  i s  0.03, which i s  a measure of  t h e  

f r a c t i o n  of c a v i t y  e n e r a  contained i n  p h o t o d i e l e c t r i c  sample. 

2 
E E dvol 

( E l D )  2 - E '  -k ( E r g  1 0 

Aw D J sample 

W D I 2  + ( E l l D )  r 

J cav i ty  

- =  
2 

(coE2 + p H )dvol  
w 2 

0 

( IV-8 ) 

The p h o t o d i e l e c t r i c  e f f e c t  i s  a unique phenomenon t h a t  has s e v e r a l  fun- 

damental advantages over o t h e r  methods of d e t e c t i o n .  When combined wi th  

h igh  Q superccnduct ing rescnant  c a v i t i e s  t h e  need f o r  o p t i c a l  l o c a l  o s c i l -  

l a t o r s  i s  e l imina ted ,  y e t  t h e  inherent  s e n s i t i v i t y  of  quantum d e t e c t i o n  

i s  r e t a i n e d .  The photoconductive e f f e c t  i s  suppressed,  which minimizes 

t h e  no i se  a s soc ia t ed  wi th  conduc t iv i ty  modulation and a l s o  modified t h e  RC 

t ime cons tan t  dependence fo r  d e t e c t o r  bandwidth. The optimum resonant  fre- 

que xcy would appear t o  be i n  t h e  range of 0 .9  t o  4 GHz which i s  s e v e r a l  

t imes  h igher  t han  needed t o  con ta in  t h e  information t r a n s m i t t e d  over most 

channels .  This provides  a d i s t i n c t  advantage t o  an AM-FM te l eme t ry  r e c e i v e r  
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because t h e  no i se  can be reduced by l n t e g r a t i c g  t h e  frequency change over  many 

cyc le s  of t h e  resonant  frequency t o  improve t h e  s igna l -noise  r a t i o .  To t h e  

e x t e n t  t h a t  t h i s  i s  p o s s i b l e ,  ihe eqiiatloiis p r e s e c t e d  ihove l ead  t o  t h e  

p r e d i c t i o n  t h a t  t h e  p h o t o d i e l e c t r i c  r ece ive r  can work w e l l  below t h e  microwatt 

range of s i g n a l  power, wi th  t h e  l i m i t  o f  de t ec t ion  set  by noise  i n  e x t e r n a l  

e l e c t r o n i c  c i r c u i t s .  

d e t e c t o r .  

The u l t ima te  s e n s i t i v i t y  i s  t h e  same as any quantum 

The oppor tuni ty  t o  use an RF l o c a l  o s c i l l a t o r  i s  made a l l  t h e  more 

a t t r a c t i v e  wi th  t h e  a v a i l a b i l i t y  of high Q r e s o n a t o r s .  

c a v i t i e s  can be shown t o  have Q's  i n  excess of  lo7, and f o r  t h e  s impler  con- 

Superconducting tanks  and 

8 
f i g u r a t i o n s  of high frequency c a v i t i e s  t he  Q's  can r e a d i l y  exceed 1 0  . The 

l o c a l  o s c i l l a t o r  then  has no need t o  use a qua r t z  c r y s t a l  which would have both 

lower Q and much lower resonant  frequency. This  advankage over t h e  p re sen t  

s t a r t -o f - the -  a r t  i n  o s c i l l a t o r  design allows t h e  frequency excursion t o  be 

much smal le r  s i n c e  t h e  short- term s t a b i l i t y  of t h e  system w i l l  be h ighe r .  

The gain-bandwidth product of a p h o t o d i e l e c t r i c  r e c e i v e r  i s  a complex 

func t ion  of ma te r i a l  p r o p e r t i e s  and system conf igu ra t ion .  

d e t e c t o r  i s  p ropor t iona l  t o  t h e  r a t i o ,  - '' which i s  t h e  c a r r i e r  frequency change 

per  u n i t  of o p t i c a l  power, For low values of $, Eq. IV-8 can be s i m p l i f i e d  t o  

Gain of" a p h o t o d i e l e c t r i c  

w 

wG E 
s w  =- 2 $  

R E. 

E$ 
and s u b s t i t u t i n g  f o r  
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The term in brakets is the gain coefficient which summarizes the 

characteristics of the device in terms of its resonant frequency, geometry, 

material properties and optical wavelength. The photodielectric material 

properties are reflected in its relaxation time, dielectric constant, band gap, 

sample volume, surf'ace condition, density and types of impurities, and lifetime. 

The dimensionless constant, 

2 e Y ~ h c  
0 

1 . 4 5 5  X 

Bandwidth of the photodielectric transducer can be shown to be limited 

by the semiconductor free carrier lifetime and the time necessary to propagate 

the transducer's response. 

Consider an impulse of optical power incident on the detector. It 

is assumed that zero time is required for a photon to enter the semiconductor 

and create an electron-hole pair. If" the light is extinguished instantaneously, 

the frequency will decay to zero with an exponential dependence since the created 

carriers recombine according tc 

The Yrequency versus time will thus be given by a proportional expression 

since frequency varies linearly with n in the low lfght level region. 
J, 

The ultimate response of I / r  can be achieved only under low circuit noise L 
conditions, If noise is present, a time of integration of the detector response 

(decision time) is necessary to be able to distinguish whether a signal is 

present or not. Only after this decision interval is completed can the 

information be changed and thus this time must be smaller than T seconds L 
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f o r  u l t i m a t e  d e t e c t o r  frequency response.  

The gain-bandwidth product ,  f o r  t hose  cases  where bandwidth i s  dominated 

by l i fe t ime,  i s  now seen t o  be independent of  l i f e t i m e .  There remains a g r e a t  

v a r i e t y  of ways i n  which t h e  ga in ,  t h e  bandwidth, and t h e i r  product can be a l t e r e d  

for an optimum des ign .  One can c l e a r l y  d i s t i n g u i s h  between t h e  system 

requirements  f o r  ground-based and space i n s t a l l a t i o n s  and t a k e  sepa ra t e  pa ths  

tcward a des ign  o f  each.  The a p p l i c a t i o n  t o  d i g i t a l  t e l eme t ry  would be a t t r a c t i v e  

s i n c e  t h e  frequency s h i f t  of t h e  t ransducer  i s  r e a d i l y  used i n  d i g i t a l  systems. 

B. THE PHOTODIELECTRIC EFFECT I N  CdS 

I n  materials such as G e  and S i ,  t h e  p h o t o d i e l e c t r i c  e f f e c t  i s  a 

decrease  i n  t h e  r e a l  p a r t  cf  t h e  complex d i e l e c t r i c  cons tan t  which fol lows t h e  

o p t i c a l  e x c i t a t i o n  cf t h e  c r y s t a l .  This  decrease i s  a r e f l e c t i o n  of  t h e  

dynamic response of  f r e e  e l e c t r o n s .  The e f f e c t  i s  normally sho r t - l i ved ,  however, 

due t c  f r e e  c a r r i e r  l i fe t imes of t h e  order  of  sec  i n  S i  and G e .  It has 

been shown t h a t  t h e s e  sermconductors a r e  r e l a t i v e l y  wide-bandwidth and 

moderately s e n s i t i v e  d e t e c t o r s  of l i g h t  , s u i t a b l e  f o r  d e t e c t i n g  h igh  frequency 

amplitude-modulated l i g h t .  They would nct be s a t i s f a c t o r y  t r ansduce r s  f o r  

s t eady ,  weak l i g h t ,  howevep.. 

Analysis  shcwed t h a t  t h e  gairA-bandwidth product o f  a semiconductor 

p h c t o d i e l e c t r i c  d e t e c t o r  i s  a cons t an t .  Thus, s e n s i t i v i t y  may be inc reased  

c n i y  a t  t h e  expense of bandwidth, Fcr s teady ,  weak l i g h t ,  wide bandwidth i s  

not  needed, and s e n s i t i v i t y  may be maximized, Since photoconductor ga in  i s  

p ropor t iona l  t o  t h e  free c a r r i e r  l i f e t i m e  , it would be expected t h a t  semiconductors 

with long f r e e  c a r r i e r  l ' l fe t imes  would tend t o  be s e n s i t i v e  o p t i c a l  d e t e c t o r s  

when opera ted  i n  e i t h e r  The photoconductive or p h o t o d i e l e c t r i c  mode. 

Cadmium S u l f i d e  i s  one of t h e  most s e n s i t i v e  semiconductor photodetec tors  



6 a t  room tempera ture ,  and i t s  speed cf r e s p m s e  i s  on t h e  nrd-er of 1 0  slower 

t h a n  for G e  or S i .  Thus it was hoped t h e  p h o t o d i e l e c t r i c  e f f e c t  i n  CdS a t  

low tempera tures  would be s u i t a b l e  to a i i v r s  the us2 of  this z a . t . w i a l  i n  a 

slow but  s e n s i t i v e  o p t i c a l  t r ansduce r ,  

L ibrary  r e sea rch  proved t h a t  CdS, and e s p e c i a l l y  s i l v e r  doped CdS 

(CdS:Ag), may i n  some cases  be cha rac t e r i zed  by long  f r e e  c a r r i e r  l i fe t imes .  

Lambe92 r epor t ed  a photocurrent  decay t ime of  about 0 . 3  m s  i n  CdS:Ag at  77 K.  

I n  another  CdS:Ag sample a t  77OK, iambe93 r e p o r t s  photocurrent  decay t i m e s  o f  

abcut  1 0  minutes.  K ~ l p ~ ~  yeported photocurrents  which d i d  not  decay a t  temp- 

e r a t u r e s  below 208'K i n  a N a  doped CdS c r y s t a l .  

minute i n  CdS a t  276'K were observed by B ~ b e ~ ~ .  

decay i n  a c a p a c i t o r  wi th  a ZnS-CdS powder d i e l e c t r i c ,  observed by Kronenberg 

and A ~ c a r d o ~ ~  had a two minute decay t ime a t  l i q u i d  a i r  temperature .  

and Warter97 repor t ed  photoconduct ivi ty  decay t imes g r e a t e r  t han  

CdS a t  188*K. It must be 

remembered t h a t  l i f e t i m e  and decay t ime a re  not  t h e  same, due t o  t r a p p i n g  

effe?.+,s, 

t r app ing  s i tes  has  a response t i m e  given by 

0 

Decay times g r e a t e r  t han  1 

T i m e  dependence of  c a p a c i t i v e  

Matthews 

sec  i n  

Many o t h e r s  observed similar long  decay t i m e s .  

t For example, a phctcconductor wTth a d e n s i t y  o f  n f r e e  c a r r i e r s  and n 

where ' is t h e  f r e e  c a r r i e r  l i f e t i m e ,  and t h u s  t h e  a c t u a l  f r e e  c a r r i e r  l i f e -  

t i m e  may be much l e s s  than  t h e  response t i m e  [A complete a n a l y s i s  of  t h i s  pro- 

98 blem is given by Rose 

and response t i m e ,  t h e  f r e e  c a r r i e r  l i f e t i m e s  in CdS were s t i l l  thought  t o  be 

cons iderabiy  l m g e r  than  i n  G e  o r  S i  a t  low tempera tures .  

n 

1 .  Even cGnsidering t h i s  d i f f e rence  between l i f e t i m e  



0 In order to investigaie the photodleleztric effect in CdS at 4.2 K, 

a series of experiments was performed using the superconducting resonant cavity 

Y l  described in several recent publications f o r  t h P c  l a h o r i t n r y  . With samples 

of CdS:Ag at 412 K the resonant frequency cf the cavity proved to be a linear 

function of the integral of the photon flux. This behavior is shown in Figure 

11 where it is noted that the slope of the curve is approximately proportional 

to the incident light intensity, Several features of this curve are noteworthy. 

First the effects of light were immediate and permanent. The frequency of the 

cavity began to drop as socn as light was applied and when the light was removed, 

no reverse in the frequency change was observed. Photoconductivity, on the other 

hand, does not behave in the s&me manner. It is seen than an appreciable time 

must pass before any optically produced current is observed, and then the 

current increases exponentially. When the light is removed, the photocurrent 

suffers a partial but incomplete decay. 

C a  EFFECTS OF VIBRATION IN CdS:Ag 

0 

It was accidentally discovered that part of the frequency drop could be 

reversed by the application cf mechanical vibration. The corresponding response 

of the photocurrent in CdS:Ag at low temperatures is shown in figure 12. Here, 

the mechanical shock was created by rapping the test circuit soundly with a 

bottle; this could be classified as a relatively strong shock. It is seen 

that the effect of the shock was to quench the photocurrent. The application of 

several hours of weak light had been required to build the current up to the 

level indicated before the shock was applied, and the vibration was able to 

reduce the current considerably, F'cllowing the shock, the light remained on, 

the phctccurrent continued to rise as if the time had been set back several 

hours. Thus, for either the photcdielecxric or the photoconductive effect, 

vibration has a quenching effect in some samples. 
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VI. ATTENDANCE AT - MEETINGS, PAPERS, PUBLICATIONS 

A. A y y ~ ~ \ j j ~ ~ ~ E  AT ivEETIiiGS 

At the end of the first year the project dire tor and several members 

of the research staff" visited the Manned Spacecraft Center at Houston and presented 

a one-day synposium on digital transducer research which summarized the work to 

date. 

In cTune, the project director presented a short paper on the metal- 

pclymer-semiconductor thin film device at the 1967 Summer Meeting of" the American 

Physical Siciety. 

B. PAPERS AND PUBLICATIONS 

Hartwig, W. H., "Metal-Insulator-Semiconductor Tunneling 

as a Basis for Digital Transducer Action", Bull. her. Phys. Soc., 

Ser. 11, Vol. 12, No. 5, 1967. 
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VII. PROGRAM FOR THE SECOND YEAR 

The p r o j e c t s  which w i l l  r e c e i v e  major a t t e n t i o n  i n  t h e  second year  are: 

The metal-polymer-semiconductor r e sea rch  aimed a t  b e t t e r  understanding phys ica l  

p rocesses  and development o f  a technique  f o r  t h e  tunne l ing  d i g i t a l  t r ansduce r ;  

ex tens ive  r e sea rch  on e x o t i c  d i e l e c t r i c  w i l l  cont inue  i n  t h e  hope of  achiev ing  

an  a c t i v e  t h i n  f i l m  technique;  cont inued study of  t h e  p h o t o d i e l e c t r i c  e f f e c t  

wi th  p a r t i c u l a r  i n t e r e s t  on observing t h e  d e s i r a b l e  e f f e c t  a t  high temperature  

or longer  wavelengths ;r b c t h ;  a cont inuing search  f o r  new discont inous  behavior  

i n  materials o r  combining o f  materials; and i n i t i a t i o n  of  a p r o j e c t  under a new 

f a c u l t y  member, Dr. D i m i t e r  I Tchernev on d i g i t a l  information s to rage  on 

magnetic t h i n  f i l m s  by Cur ie  po in t  w r i t i n g .  This  work w a s  p rev ious ly  done a t  Jet  

Propuls ion Laboratory where D r .  Tchernev was a f f i l i a t e d .  The r e s u l t s  o f  t h i s  

work have produced a s i g n i f i c a n t  i nc rease  ( s e v e r a l  o rde r s  of  magnitude) i n  

t h e  d e n s i t y  o f  s t o r e d  d l g i t a l  information.  It w i l l  cont inue a t  The Univers i ty  

of  Texas i n  t h e  E lec t ron ic  Mate r i a l s  Research Laboratory.  I n  view o f  i t s  

d i r e c t  a p p l i c a t i o n  t o  d i g i t a l  device research ,  some use of  t h e  g ran t  i s  deemed 

appropr i a t e  t o  ge t  t h e  wcrk s t a r t e d .  

The r a p i d  growth of p o t e n t i a l l y  use fu l  d i g i t a l  device  ideas  has  forced  t h e  

e n t i r e  g ran t  t o  be supplemented by funds which a r e  of  a temporary n a t u r e  and 

i f  cont inued would not  be p r imar i ly  responsive t o  t h e  needs of  NASA. 

r eques t  a substant, ial  i nc rease  i n  t h e  funding o f  t h i s  a c t i v i t y  f o r  t h e  succeeding 

two-year pe r iod  i n  a renewal reques t  t o  be submit ted eay ly  i n  t h e  second h a l f  

of t h e  second y e a r .  

We w i l l  
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